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ABSTRACT 
 
 In this work, a comparative study was performed to determine the similarities and 
differences between two unsteady, one-dimensional, open channel hydraulic models. The models 
in question are the Full Equations Model (FEQ 10.61), distributed by the U.S. Geological Survey, 
and the Hydrologic Engineering Center's River Analysis System (HEC-RAS 4.1), developed by 
the U.S. Army Corps of Engineers. The two models weretested to simulate three cases: 1) a 
sharp-crested hydrograph resulting from a dam break, 2) bankfull flow resulting from overflow 
in a channel with wide overbanks, and 3) backwater resulting from tidal effects in the 
Sacramento River. The dam break and overbank cases were validated with measurements from 
laboratory flumes. The Sacramento River case was validated with field measurements. The 
outputs of the models are hydrographs that plot stage or flow against time. These hydrographs 
were compared to measured hydrographs that plot the corresponding parameters. The parameters 
examined in this comparative study were as follows: peak flow, time to peak flow, shape of 
hydrographs, and accuracy of results. Additional model aspects such as computation times, ease 
of use, and the ability to model said case studies are noted. Conclusions are drawn based on the 
comparative analysis, presenting the strengths and weaknesses of the two models. From this 
analysis, it was determined that even though both models have the capability to simulate similar 
cases, FEQ can produce computations at a much faster rate than HEC-RAS. However, FEQ fails 
to model cases with overbank flow accurately. Future work is recommended based on the 
conclusions of the analysis, which includes expanding this study to include hydraulic structures. 
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CHAPTER 1 
INTRODUCTION 
 
 The exponential advancements in computers, along with the enhancements of software 
development in the last decades have significantly impacted hydraulic modeling. A hydraulic 
modeling process that would have taken days or weeks in the past can presently be done in 
seconds or minutes. Moreover, the development of visual interfaces for inputting and organizing 
data has made hydraulic models easy to use, and coupled with the free availability of software 
through the internet, some models, such as the Hydrologic Engineering Center's River Analysis 
System (HEC-RAS) have been able to spread globally. In contrast, other hydraulic models that 
have been developed before the advent of the visual wave were not rapidly adopted, resulting in 
a decline in their popularity. Such models survive almost exclusively in academic and research 
institutions. The U.S. Geological Survey's Full Equations Model (FEQ) is one such model that 
has rich history but has been confined as a research code. This manuscript intends to delve deep 
into the intrinsic value of the two aforementioned models in search of the benefits and drawbacks 
of the models for a range of typical applications. 
 
1.1 Background 
 As mentioned, this study aims to compare two unsteady, one dimensional (1D) open 
channel hydraulic models: The Full Equations Model (FEQ) version 10.61 from the USGS, and 
the Hydrologic Engineering Center's River Analysis System (HEC-RAS) version 4.1, developed 
by the U.S Army Corps of Engineers.  
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Both models solve the conservation equations for one-dimensional unsteady flow in open 
channels and through control structures. However, the numerical methods used by each model to 
solve the equations differ, which in turn can yield significant variations in output results. The 
differences between both models are not only limited to the computations and output, but also in 
the approach to build a model in each of the two programs, e.g., some aspects of the input values 
may be represented and interpreted differently from one model to the other, adding to the 
difference in results. With HEC-RAS being viewed as the standard one-dimensional hydraulic 
model used by engineers and researchers nationwide, it may seem that there is no need for 
another program to even exist, let alone be used. However, this is not to say that other hydraulic 
models, such as FEQ, are of no use or obsolete. During its prime, in the 1970's and 1980's, FEQ 
was widely used by governments and consultants both within and outside the United States to 
model and solve for a variety of open channel problem cases including flood control and dam 
breaks (W. Moore via Guzman, 2001, p. 3). Even today, FEQ is still used extensively, albeit by a 
significantly smaller audience which includes county governments, to perform unsteady flow 
simulations for flood control (U.S. Geological Survey, http://water.usgs.gov/cgi-
bin/man_wrdapp?feq(1)).  
 The reason for the decline in users of FEQ is not related to the performance or result 
accuracy. A look at the evolution and growth of numerical modeling software during the past 
few decades shows that the computer models mostly used today all have one thing in common 
that distinguishes them from the models used in the 1970's: a graphic user interface. This is best 
exemplified in the evolution of some of the Hydrologic Engineering Center's computer models, 
such as HEC-1, which evolved into the popular HEC-HMS; or HEC-2, which was actually 
replaced by HEC-RAS (Brunner, 2010, p. x). The tendency towards graphic interfaces is not 
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limited to engineering software alone. Even personal computers have evolved from a command-
line based system (e.g., DOS) into graphical and user-friendly operating systems (e.g., Windows). 
 With this in mind, it is easy to understand why some hydraulic and hydrologic models 
have been rapidly adopted. For the case of unsteady flow, schemes used to solve for the 
appropriate equations are entirely numerical, several parameters are empirical, and many 
modeling components are simplified. There is no unsteady flow model that provides a so-called 
"exact" result to a hydraulic simulation. However, there are many numerical schemes that do an 
adequate job of approximating results and provide the user with the "best" results (Whitaker, 
1968, p. 212). To best represent the real hydraulic behavior in an open channel, these numerical 
simulations are calibrated and validated using field measurements. Though the simulation using 
different numerical schemes will provide different results for the same problem, the accuracy of 
the various modeling schemes can be compared to existing data (i.e. lab or field measurements) 
to test the validity of the schemes. Validation testing is usually applied to both HEC-RAS and 
FEQ individually. However, a comparison between the models is necessary, because individual 
validations of each of the models are not enough to present a full comparison between them, and 
may make it harder for a researcher or consultant to make a choice regarding which model fits 
best for a given situation.  
 The two models were selected due to four main reasons. The first of which is the 
similarity in applications of which both models are used for. No comparison would be possible if 
the two models could not simulate the same hydraulic problems. The second reason is the 
uncontested popularity that HEC-RAS enjoys because of its user friendly interface, which may 
result in other better alternative models being overlooked. The third is the usefulness provided by 
FEQ towards the author's current research (at the U.S. Geological Survey). Finally, the fourth is 
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the author's familiarity with both models, which reduces the probability of misunderstanding or 
overlooking some aspects of the program that may occur due to a lack of experience with the 
software. 
 
1.2 Motivation 
 As mentioned, the HEC-RAS model has become the most popular model around the 
globe for modeling open channels; and its popularity is often attributed to its peculiar high 
degree of user friendliness. Data input to set up a HEC-RAS model can be conducted by a person 
with little training and sometimes with no hydraulic knowledge. Private sector consultants 
benefit from this since they can save huge amounts of expert man-hours by using HEC-RAS in 
the analysis of open channel hydraulics. It is understood that the technical stature of HEC-RAS 
as related to other less popular models may not necessarily be proportional to its popularity. In 
addition, research studies using FEQ have proved that this model has many benefits that should 
be thoroughly considered while analyzing open channels. 
 Therefore, this study has been motivated by the need to bring to light a hydraulic model 
with a potential to greatly contribute to the analysis of open channels, and present it along with 
another that has acquired the privilege of being selected as the de facto model for reasons other 
than its intrinsic qualities. A diversity of the models, each performing their work according to 
their specific capabilities, can enrich open channel analysis. Researchers and consultant 
engineers would both benefit from the comparison resulting from this work. 
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1.3 Objectives 
 The objective of this report is not to determine which of the mentioned two models is 
"better". Instead, it is to provide a detailed comparison of the two. Such a comparison would not 
only focus on the results and output of a given simulation, but also on the process of building the 
input, as well as the computations that take place "behind-the-scenes'' of a simulation, so that the 
user can have a complete view and control of what goes on within a hydraulic simulation. The 
level of detail of this comparison will not be limited to inputs and outputs alone. An overview of 
the numerical schemes used by each of the models will be presented to fully understand the 
processes involved in the computations performed by both models. 
Ultimately, the objective that this report and author seek to accomplish is to determine 
which model can best develop a complete and accurate open channel simulation for several 
scenarios. Though the simulations that will be solved in this report are simple in nature, a 
thorough understanding of their numerical process is necessary to arrive at reasonable 
conclusions. 
 
1.4 Thesis Outline 
 This document is organized into six chapters. Following the introduction in Chapter 1, 
Chapter 2 presents a detailed description of the literature researched for performing the 
comparison the two open channel hydraulic models. The theoretical background for unsteady 
flow is described in Chapter 3. Chapter 4 presents the methodology of analysis including the 
structure of the modeled scenarios, and the forms of comparison. Chapter 5 provides a thorough 
discussion of each individual and relevant result. Finally, Chapter 6 includes a summary of the 
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conclusions drawn from the present work. Recommendations for further study are included in 
Chapter 7. 
 
1.5 Summary of Work  
 The work carried out to complete this report is essentially comprised of three principal 
phases: the research or literature review, the modeling, and the analysis. The first phase was the 
research, or literature review, which began long before the scope of work for the thesis was 
established. The author received exposure to both models, HEC-RAS and FEQ, during his time 
working for CA Engineering PSC, the U.S. Geological Survey, and the Ven Te Chow 
Hydrosystems Laboratory at the University of Illinois. This exposure provided enough 
experience with both programs to be able to develop simple models without problems. However, 
The literature review goes beyond a basic understanding of these models. This first phase sought 
to gather relevant information regarding HEC-RAS and FEQ, from different sources, including, 
but not limited to, the authors, administrators, and users of the software. Additional information 
was needed regarding the theory behind both models, which is why external sources were also 
considered for the literature review. Among the many sources used for the research phase, the 
most extensively used is a report by Janice Fulford for the U.S. Geological Survey (USGS), 
which compares the hydraulic model FEQ to three other unsteady flow models (Fulford, 1998).  
 The second phase of the work carried out for this report was the modeling phase. This 
phase incorporated most of the knowledge obtained from past experience and from the research 
phase and applied it into developing one-dimensional unsteady hydraulic models. Three cases 
were modeled: one to account for the effects of a sharp-crested inflow hydrograph resulting from 
a dam break; the second, to account for overbank flow; and the third, to account for backwater 
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effects caused by tides. The first two models were compared to measured results from lab 
experiments. The third model was compared to field measurements. Cross section geometry and 
measured stage & discharge hydrographs were provided by Janice Fulford and the USGS. This 
information was used to build models in FEQ and HEC-RAS. To build the FEQ files, the 
computer programs FEQUTL and FEQinput were used. FEQinput was developed by the author 
for the U.S. Geological Survey. FEQUTL was developed by Delbert Franz, developer of FEQ. 
The FEQ models were written as text files following a specific format. The HEC-RAS models 
were built using the software's graphic user interface. For the different cases modeled, different 
scenarios of each case were simulated. Variations among scenarios included the use of different 
time steps and spatial steps for the computations. After building and "running" the models, the 
output data was compiled into several graphs and tables, along with the original measured data 
(also provided by the U.S. Geological Survey). To compile all of the output data from FEQ, 
HEC-RAS, and the provided measured data, several computer scripts were developed by the 
author using Python, which are included in Appendix J.  
 The third and final phase of the project was the analysis. After all the model output was 
exported, a direct comparison was made between each of the models by plotting results against 
the validation data (lab and field measurements). The output of the models consisted of stage and 
discharge hydrographs at the upstream and downstream cross sections. The validation data 
consisted of stage and discharge hydrographs at the upstream and downstream ends of the 
modeled reaches. Several parameters of these hydrographs were examined to perform a 
comparative analysis. Among these were the following: peak flow, time to peak, shape of 
hydrograph, and absolute error (deviation from the validation data). Other aspects of the model 
not directly related to the output hydrographs were also compared: computation time, ease of use, 
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and ability to model the cases effectively. From these comparisons, an analysis was made to 
determine the cause of discrepancies within the models and conclusions were drawn from the 
analysis.   
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CHAPTER 2 
LITERATURE REVIEW 
 
 The main purpose of this section is to present relevant and important information 
regarding the two models in question (HEC-RAS and FEQ) as well as the theory behind the 
processes involved with these one-dimensional, unsteady flow models. Additional information 
was also compiled regarding previous works and comparisons done of the studied models with 
other similar software, although no direct full comparison of the performance of both models, 
HECRAS and FEQ, has been found.  
 
2.1. Base Literature 
 Janice Fulford, in her report entitled “Evaluation and Comparison of Four One-
Dimensional Unsteady Flow Models” presents a comparison and evaluation of four one-
dimensional unsteady flow models: Branch, FourPt, FEQ and DaFlow. The first three models use 
the four-point numerical scheme to solve the full dynamic flow equation, and the last model 
solves a kinematic version of diffusion analogy flow equations. The models and corresponding 
equations were described, although only a brief summary was given and no detail was presented. 
The comparison was made from models of three different flow reaches that had measured data 
available. The purpose of this comparison is to present the strengths and weaknesses of all 
models, to aid modelers in selecting the appropriate model to use. A discussion and conclusion 
was made for this report, in which the models were compared objectively, by looking at the 
results of the comparison, as well as subjectively, by evaluating ease-of-use and robustness of the 
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model. The current thesis report builds its cases around the three situations modeled in Fulford's 
report.  
 
2.2. FEQ 
 For literature related to the Full Equations Model (FEQ), the first and most important 
reference is the user manual for the software (Franz & Melching, 1997). Currently, the latest 
publication of the user manual is a 1997 version published by the U.S. Geological Survey. This 
manual presents a very detailed look into the equations and numerical schemes used by FEQ. 
Also, the manual describes user input of the model to aid in building or modifying a hydraulic 
model in FEQ. Additional information presented in the user manual includes a brief theoretical 
background of unsteady flow analysis. It should be noted that FEQ is a hydraulic model that 
reads input files written in a complex format. Due to this complexity, an additional software tool 
called Full Equations Utilities (FEQUTL) was developed to assist inputting data into the model. 
This program takes cross sectional information and converts it into hydraulic tables in a format 
read by FEQ. The user manual for this program was also written by Delbert Franz and Charles 
Melching and published by the USGS (Franz & Melching, 1997[2]). Both user manuals are 
available free of charge at the U.S. Geological Survey's website: http://il.water.usgs.gov/proj/feq/. 
External literature on FEQ is scarce, and most of the reports that make use of this program are 
merely technical reports that only provide case studies in which the model (FEQ) is used. 
However, FEQ has been used in academic research circles. One previous Master's thesis will be 
used as a reference in this report (Guzmán, 2001). This thesis focuses on introducing suspended 
sediment modeling into the FEQ model. Even though sediment is not considered in the present 
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work, Guzmán's report does go in depth into the structure and code of FEQ, and therefore 
provides a good summarized reference for users of the model. 
 
2.3. HEC-RAS 
 For literature related to HEC-RAS, the first reference that one can turn to is the user 
manual prepared by Gary Brunner for the Hydrologic Engineering Center and published by the 
U.S. Army Corps of Engineers (USACE or COE) (Brunner, 2010), which presents the equations 
and processes employed by HEC-RAS. This user's manual is available for users of HEC-RAS, 
and it can be downloaded for free form the USACE’s HEC website: 
http://www.hec.usace.army.mil/software/hec-ras/documentation.aspx. In contrast to the FEQ 
user manual, the Hydraulic Reference Manual does provide a very detailed review of one-
dimensional flow computations. Additional available literature on HEC-RAS is vast; and 
therefore, for brevity, only literature from advanced users and related directly to the type of 
modeling done in this thesis was selected. Among these, was a technical report (Brunner, 2014). 
This report was useful at the time of modeling one of the scenarios discussed later in this thesis 
work. The report focuses only on HEC-RAS usage, and does not go into detail into the equations 
behind a dam-break study, as it is classified as a "Training Document". Another HEC-RAS 
related report used as a reference for this thesis was an unpublished report from the NRCS Water 
Quality and Quantity Technology Development Team (Moore, 2011). This report addresses 
some of the equations used in HEC-RAS as well as provides information related to modeling 
natural streams, which will be useful for one of the scenarios that will be tested in this report. 
 Previous comparisons between hydraulic models also proved to be useful in the 
development of this work. Though no report was found that fully compared FEQ to HEC-RAS, 
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there are several other reports that include either one or the other of the hydraulic models, as well 
as small reports that focus on one aspect of the models. There are many reports that have 
compared the culvert routines employed by HEC-RAS (the FHWA culvert routines) to the 
USGS culvert routine, which is usually employed when using FEQ (Chin, 2013; Brunner, 1995; 
Fulford and Mueller, 2012; Holmes, 2015). 
 
2.4. Reference Literature 
 At the heart of the FEQ, HEC-RAS, and comparisons literature, should be a clear 
understanding of the background processes that take place when performing a one-dimensional 
hydraulic computation. Therefore, it was imperative to add references that related to the basic 
equations as well as background to one-dimensional flow. Several introductory textbooks were 
used as reference (Whitaker, 1968; Henderson, 1966; Vennard, 1961; Chow 1959). An article 
was also used (Yen, 2002), as well as technical reports (Phillips and Tadayon, 2006; Jobson and 
Froehlich, 1998). Most of the basic open channel flow equations are empirical or analytical, yet 
for unsteady flow modeling, both programs also employ numerical techniques to solve equations. 
Therefore, a good understanding of those numerical methods was also needed to perform a 
comparison between both numerical models. Some of the literature researched for this thesis 
project included an article that addresses the limitations of the Preissman scheme for transcritical 
flow (Meselhe and Holly, 1997). Two previous Master's theses helped with numerical 
computations of transcritical flow (Freitag, 2003; Choi, 2013), both of which take a fully 
numerical and mathematical approach when performing computations. In addition, implicit 
numerical schemes for regulating unsteady flow in open channels were also used as reference 
(Shamaa and Karkuri, 2011). 
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CHAPTER 3 
THEORETICAL BACKGROUND 
 
The basic theory that presents and explains open channel flow is detailed in Chow (1959), 
Vennard (1961), Henderson (1966), and Whitaker (1968). A brief summary follows. Different 
from pipe flow, which is usually under pressure, open channel flow is defined as flow having a 
free surface, a surface freely deformable, when flowing in a conduit that is usually called a 
channel. The boundary conditions at the free surface of an open channel flow are always that 
both the pressure and the shear stress are zero everywhere. However, a flow can have a freely 
deformable surface but not be an open-flow channel, like in the case of two immiscible fluids 
with differing densities flowing in a closed-conduit. The interface of the two liquids is freely 
deformable; but it is not considered open channel flow. Strictly speaking, the latter would also 
apply to the water-atmosphere interface; so no open channel flow would be given at the whole 
earth surface. But because of the huge difference in densities between the water and the air, the 
effect of the atmosphere to the water surface at the water-atmosphere interface is considered 
negligible; so the flow of the water in the any Earth surface conduct can be considered open 
channel flow.  
 While hydraulic laws are the essence of open channel hydraulic analysis, the nature of the 
flowing water in a physical conduit is mostly ruled by empirical relations. This means that a 
sound combination of the scientific hydraulic fundamentals with hydraulic patterns extracted 
from experience is necessary to accurately interpret the behavior of water flowing through an 
open channel. 
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 The fundamentals are as follows: 1) flow regime; e.g., the relation of the average speed of 
the water in a conduit with the speed of the water wave; 2) the temporal variation of the flow; 
which results in steady and unsteady state, and 3) the spatial direction of the streamlines of the 
flowing water, which will define the flow as one-, two- or three-dimensional.  
 Among the empirical relations available for estimating the piezometric and energy slope 
of flowing water in an open channel, the most widely used is called Manning’s equation. The 
flow in an open channel is a function of four factors: the discharge, the geometry of the conduit, 
the texture of the water/conduit interface, and the hydraulic slope exerted into the flowing water. 
The normal interaction of the above factor can only be altered in the neighborhood of the 
extremes of the channel reach by the hydraulic boundary conditions; at the downstream for 
subcritical flow and at the upstream for supercritical flow. 
 The analysis included in this comparative work will be one-dimensional and limited to 
unsteady flow for the two models to be compared, FEQ and HEC-RAS. 
 
3.1. One-Dimensional Unsteady Flow 
 This work focuses on evaluating two computational hydraulic models that simulate one-
dimensional unsteady open channel flow.  
 The use of one-dimensional open channel flow modeling rests mainly on practical needs. 
For the case of computing flow in open channels, the flows of interest to engineers are usually 
those that can be considered as one-dimensional. For a flow to be one-dimensional, its 
streamlines must be considered to be essentially parallel and flowing towards a single direction. 
Its velocity vector has to have only one component that has to be in the direction of the flow. In 
practice, ideal one-dimensional flow does not occur in natural channels. However, the flow 
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contained in river channels can closely resemble a one-dimensional flow. Even if the water 
overflows a river channel and flows on the overbank, and given that such overbank flow 
resembles the direction and velocity of the flow in the river channel, the flow may also be 
considered one dimensional. In other words, when computing hydraulic parameters of a natural 
system, such as force or acceleration, the net value can be projected in the longitudinal, 
transverse, and vertical dimensions. For the case of rivers and open channels, longitudinal 
acceleration is significant. However, in many cases, transverse and vertical accelerations are 
small enough to be negligible, even in cases of curvilinear flow (Miller and Chaudhry, 1989, p. 
22). The one-dimensional simplification can be and is used for many simple systems.  
 For cases of one-dimensional flow, different scenarios can be computed as unsteady flow, 
or approximated assuming steady flow. Steady flow assumes no variation of flow parameters 
with time, and is usually used for delineating flood plains (assuming constant peak discharges 
into a channel). In unsteady flow, however, one or more of the flow parameters varies with time, 
such as velocity, depth, pressure, or flow. Approximations assuming steady flow can be 
appropriate for planning and design; but for more complex cases (for example, with rapidly 
changing stages, sudden inflows, flat slopes, or broad flood plains), steady flow assumptions are 
not adequate (Franz & Melching, 1997, p. 2). 
 When performing a one-dimensional unsteady flow analysis, several assumptions and 
simplifications must take place. The most important of these are summarized by Franz and 
Melching (1997, p. 4) and are as follows: 
1) Shallow-water wave assumption: the wavelength of the flow is very long relative to the depth 
of the flow, therefore, flow can be considered to be principally one-dimensional and parallel to 
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the channel walls and channel bottom. Vertical and lateral accelerations are negligible. The 
pressure distribution is hydrostatic.  
2) Fixed channel geometry. Scour and deposition of sediments neglected. 
3) The channel bed has a shallow slope  
4) Friction losses are estimated with a steady uniform flow relation. 
5) The water surface at any point of the stream is assumed to be horizontal. 
6) Non-uniform velocity distribution can be estimated by average velocities and flux-correction 
coefficients that are a function of longitudinal location and water-surface elevation. 
7) Fluid has constant density (homogeneous). 
 
3.2. Equations of Motion 
 In 1871, Adhémar Barré de Saint-Venant stated his conservation equations in a note to 
the Comptes-Rendus de L’Académie des Sciences de Paris. Since then, these equations have 
become the most used by hydraulic engineers and researchers around the world to represent the 
dynamics of open channel flow.  
 Focusing in the conservation equations, it can be stated that mathematical expressions of 
conservation of water mass and momentum in an unsteady flow can be defined and derived from 
the 1-D unsteady flow assumptions and simplifications as listed above. Conservation of mass is 
related to flows and changes in the quantity of water stored in channels and reservoirs, while no 
forces of any kind acting on the water are considered. On the other hand, conservation of 
momentum takes into account forces. The forces involved in the conservation of momentum are: 
gravity, inertia, friction on the wetted perimeter, pressure on the boundaries, and wind on the 
surface. To simplify computations, some forces are usually omitted. However, when considering 
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all of these factors in an analysis, the equations are known as the Complete, Full, Dynamic, 
Saint-Venant, or Shallow-Water equations (Franz and Melching, 1997, p. 5). For the purposes of 
this report, they will only be referenced to as the Full Equations or Saint-Venant Equations. 
 Two forms of the conservation equations are shown below: the integral form which was 
used in the present comparison; and the other is the differential form in which the pristine form 
of the Saint Venant formula is represented. 
 
 3.2.1. Integral Form 
 The integral form of the full equations of mass and momentum has been called a control 
volume because this concept describes properly and clearly the various fluxes and forces in open 
channel flow. 
 When deriving a set of equations, a control volume is first defined. For the case of 
simplified open channel flow equations, a control volume can be defined as a three dimensional 
space within a channel that is fixed within space and time, meaning that the volume, shape, and 
location of this control volume does not vary with time. Control volumes can be used to compute 
flow in one, two, or three dimensions, applying the appropriate simplifications when necessary. 
A simple control volume is defined in Figure 3.1. 
 In open channel flow, a control volume will be limited by the water surface at the top, 
and by the channel itself at the sides and bottom. The length of the control volume, L, is 
measured along the distance axis in the Figure 3.1. The depth of the control volume, y, is 
measured from the bottom of the channel to the water surface. Forces and fluxes in the control 
volume are measured at the downstream and upstream faces, and the direction of these usually 
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determines if the force or flux will be classified as going "in" to the control volume, or coming 
"out" of the control volume.  
 
 Figure 3.1 Control Volume Scheme
views, respectively; Cyan lines represent water inside a channel, brown lines 
ground/earth, blue rectangles represent the control volume
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 with top and bottom figures illustrating plan and profile 
 
 
represent the 
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 The principle of conservation of mass dictates mass balance at the control volume. Since 
density is assumed to be constant (homogeneous fluid assumption), then conservation of mass 
would also imply conservation of water volume. The integral form of the equation for 
conservation of mass can be represented as 
 [, 	 −  , 	]


 =   [, 	 +  	 −   , 	]


. 
 In the above equation, and throughout the thesis, the subscript U refers to upstream, and 
D refers to downstream, representing the two boundary cross sections in the control volume. The 
left side of the equation represents the change in volume of water contained in the control 
volume during a time interval. The flow area A, as a function of distance x and time t, is 
integrated over the distance along the control volume, X. The right side of the equation 
represents the net inflow volume to the control volume. The inflow or outflow Q, as a function of 
distance x and time t, and the lateral inflows I are integrated over a time period, t. The lateral 
inflows can also be defined as 
	 =   , 	


. 
 The principle of conservation of momentum dictates a balance of forces in the boundaries 
of the control volume. Depending on which forces are acting on the control volume, the equation 
for conservation of momentum can vary. As mentioned, the forces that act on an open channel 
can be summarized as follows: gravity, inertia, friction on the wetted perimeter, pressure on the 
boundaries, and wind on the surface. A general equation for conservation of momentum is 
∑ =    ! +   " ∙ $% . 
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 In the above equation, the one-dimensional assumption is already in effect, which is why 
all forces and fluxes are assumed to flow in the same direction, represented by the subscript x. 
The left side of the equation represents the sum of all the forces acting on the control volume. 
The first integral in the right side of the equation represents the rate of change in the momentum 
stored in the control volume, CV, with respect to time, t. The second integral represents the 
momentum flux through the control volume, integrated with respect to a differential area dA 
normal to the control surface CS. 
 
 3.2.2. Differential Form 
 The integral equations of conservation of mass and momentum, known as the equations 
of motion, provide the building blocks of the different forms of unsteady open channel flow 
equations; but they are not the end form. Other forms of mathematical expressions can be 
derived from them. Three forms are presented as follows: 
The first is the conservation form. If these integral equations are approximated by finite 
differences, two coupled partial derivative equations will result. The first one is the mass 
conservation equation 

 +

 = , 
and the second one is the momentum conservation equation, 

 +  &
'
 +

 !	 =  & ()* − )+, +  '
- . 
 The latter equation is derived from the former. This conservation form of the equations 
brought to a simplified mode and to an expanded level will yield the Saint Venant form (Chow, 
1959, p. 528). The Saint Venant equation for mass conservation will be as follows: 
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 ! + !.
/
 + .
/
 !
- = , 
and the corresponding equation for momentum conservation will acquire the following form: 
!
 + !
!
 + &
/
 = &()* − )+, −
!
 . 
The latter is the Characteristic Form, which is obtained by transforming the Saint Venant 
form so that it can be written as ordinary derivatives. The mass conservation equation will then 
be 

 = ! ± 1, 
and the momentum conservation equation is 
!
 ±
&
1
/
 = &()* − )+, −
!
 ±
1
 (!
- − ,. 
  
3.3. FEQ Model 
 In the following section, only highlights of the program are included. Full details on the 
history, theory, and applications of FEQ are found in the user manual (Franz and Melching, 
1997).  
 
 3.3.1. Overview 
 FEQ is a one-dimensional, full equations, hydrodynamic flow routing mathematical 
model. The model computes flow and elevation in channel networks for evaluations of the effect 
of adding, changing, or abandoning a reservoir, effect of operation policy for gates or pumps, etc. 
FEQ can model a natural or a man-made open channel system with or without control structures 
by solving the full, dynamic equations of motion for one-dimensional unsteady flow. 
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 For modeling, FEQ uses the principles of mass and momentum conservation, by which 
the model computes water flow and depth throughout the channel or stream. Computations are 
made starting from a known boundary condition by means of an implicit finite-difference 
approximation. FEQ uses an ancillary program named FEQUTL which performs hydraulic 
computations of the various structures intervening in the channel being simulated. 
 The input file in FEQ contains specifications of run control parameters, encoding of the 
stream schematic, and initial conditions, including boundary conditions. The auxiliary program 
FEQUTL makes hydraulic computations of the structures data provided in input files. FEQUTL 
can read HEC-2 and Water Surface Profile Computations (WSPRO) cross-section input data and 
calculate cross-section function tables for use in an FEQ simulation. Function tables for bridges 
are computed using the program WSPRO to compute a suite of upstream and downstream water-
surface elevations. FEQUTL can create input files for WSPRO and convert tables output by 
WSPRO into a format suitable for FEQ. 
 An FEQ simulation can yield an output file with complete results. Also, the results of 
simulation at selected nodes can be sent to data output files or special output files. FEQUTL 
develops two output files, the first contains details of the computation processes, and the second 
contains function tables; which are identified in an FEQ input file and read by the program. 
 FEQ was written in Fortran 77 for PC.  The code has since been ported to UNIX systems.  
Both PC and UNIX versions are available in the USGS website 
http://water.usgs.gov/software/feq/. 
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 3.3.2. Historical Background 
The Full Equations (FEQ) model was written by Delbert Franz in the mid 1970's. The 
initial development of this hydraulic model was carried out under contract with the Northeastern 
Illinois Planning Commission, for storm-water management plans financed by the U.S. 
Environmental Protection Agency (USEPA). Originally, FEQ was developed to model open 
channel flows in the Chicago Sanitary and Ship Canal in Illinois. Afterwards, funding for the 
continued development of the model has come from different sources, such as DuPage County in 
Illinois, the Illinois Water Science Center of the U.S. Geological Survey the Division of Water 
Resources of the Illinois Department of Transportation (IDOT), among other counties, 
consultants, and clients, as well as previous employers of Delbert Franz. (Franz, 2015, p. v) 
 Since its development in the seventies, several public entities have used the Full Equation 
model for modeling their open channel projects. Following is a list of some of them (U.S. 
Geological Survey, http://water.usgs.gov/cgi-bin/man_wrdapp?feq(1)). 
• DuPage County, Illinois Stormwater Management Plan: FEQ was used to model a wide 
variety of stream sin the county, such as: Winfield Creek, Waubaunsee Creek, Salt Creek, 
East Branch of the DuPage River, Klein Creek, Black Partridge Creek, Willoway Brook, 
and others. 
• Illinois Department of Transportation, Division of Water Resources: FEQ was used to 
develop models of the Fox River, Farmer-Prairie Creek, Midlothian Creek, and Skokie 
Lagoons. 
• Johnstown Flood of 1977: FEQ was applied to simulate the lower reaches of the Little 
Conemaugh and Stony Brook, and the upper reaches of the Conemaugh River. 
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• Mississippi River: FEQ was used to model about 600 miles of the river, streaming from 
Keokuk, Iowa to Thebes, Illinois, and including all of its major tributaries and most of its 
minor tributaries.  
• Snohomish County Department of Public Works, Surface Water Management Division: 
FEQ was used to model the Snohomish River. 
The demand for the model has not grown because of the competition of other similar 
programs and lately because of the competition of software provided with user friendly visual 
interfaces such the USACE’s HEC-RAS model. However, experts in open channel hydraulics 
recognize this model as having an outstanding value. 
 
 3.3.3. Available Documentation 
 As more users required the model to perform new applications, additional capabilities 
have been added to the FEQ model with the passage of time. The additions and changes to the 
model were recorded by Delbert Franz in his user manual, which he would distribute along with 
the model on his personal website. Additional updates to the model were also written down in an 
unpublished fix list. In 1997, Charles Melching of the U.S. Geological Survey compiled the 
theory from Franz's user manual, and together, they edited the material and released an official 
report on FEQ (Franz and Melching, 1997). An official user manual was written by Franz and 
Audrey Ishii.  
 The unfortunate passing of Delbert Franz in 2016 has left FEQ under the charge of the 
U.S. Geological Survey. Official documentation for the software is available at the USGS 
webpage for the Full Equations model; however, at the time of writing this thesis, said 
documentation was undergoing an updating process. The most recent documentation for FEQ is 
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available through Mr. Franz's unpublished reports and fix list, which he has shared with the 
USGS Illinois Water Science Center. 
 Being developed in the 1970's, FEQ did not have a graphical user interface. Instead, it 
was run on a command screen, where the user would "call" the program, specify the input file to 
be read, and specify the output file to be created. A typical example of a command line written to 
run an FEQ model would look as follows: 
 
feq1061.exe input_file.in output_file.out 
 
 In this example, "feq1061.exe" is the hydraulic model itself, as an executable file; 
"input_file.in" is the name of the file to be read by FEQ, and "output_file.out" is the name of the 
file that will be created by FEQ where the results of the simulation will be stored. A typical FEQ 
input file would normally also link to many other files, including table files that contained 
hydraulic characteristic of cross sections and hydraulic structures, time series files that contained 
rainfall, stage, or inflow for a specific node or reach of the stream during a specific set of time, 
boundary files that forced initial and boundary conditions on a specific node of the reach, and 
additional input and output file locations that provided the model with specialized input data or 
printed specific parts of the results in different formats.  
 One of the biggest factors that limit new users from developing models with FEQ is 
partially related to the lack of a user interface, and the complexity of the input file format. 
Additional to requiring a sound understanding of the hydraulic principles that make up an input 
file, the user also needs to understand how to properly write an input file. To aid with creating 
necessary hydraulic table files for the input, Delbert Franz developed a program called the Full 
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Equations Utilities model. This model allows users to input geometrical parameters of channel 
and structure cross sections, and outputs table files with hydraulic parameters that can be read by 
FEQ (Franz & Melching, 1997). The functions carried out by FEQUTL are normally referred to 
as pre-processing. 
 Since the 1990's, the U.S. Geological Survey has held efforts to distribute the Full 
Equations Model along with its documentation and utility programs. The USGS has also taken 
part developing hydraulic models of several water bodies using FEQ. Currently, the USGS 
Illinois Water Science Center is leading the development of software tools that help users 
visualize input and output of FEQ files. An example of such efforts is the development of an 
output visualization tool (GraphGenScn) that automates plotting of FEQ output results (DuPage 
County, http://dupage.iqm2.com/). Other tools include a visualization tool that plots input and 
output tables, including cross sections and hydrographs, called FEQ-GDI; and an input file 
editing tool that helps users build and understand through the complicated input file format, 
called FEQinput. The tools developed by the USGS are available at the USGS Illinois Water 
Science Center website, and at the official FEQ release website. From these tools, FEQinput was 
extensively used in this research thesis.  
 
 3.3.4. Assumptions 
 FEQ makes assumptions and simplifications that are necessary to perform a one-
dimensional unsteady flow analysis. The most relevant of them are those listed by Franz and 
Melching (1997, p. 4) and presented in Section 3.1. Here, the assumptions can be summarized in 
that the flow is truly one-dimensional, the channel geometry is fixed and its slope is mild, the 
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friction loss is that obtained for steady uniform flow; and the water surface is horizontal, its 
velocities are average velocities, and its density constant at any point in the channel. 
 
 3.3.5. Network Schematic Diagram 
 A schematic diagram of the system is needed to model in FEQ. The schematic diagram of 
a stream system consists of a connected series of flow paths. The flow paths may be channels, 
culverts, sewers, reservoirs, etc., and the connecting devices are usually special features such as 
culverts, bridges, dams, junctions, sluice gates, and other components (branches, dummy 
branches and level-pool reservoirs). Figure 3.2 shows a representation of a desegregated 
schematic diagram. 
 
 3.3.6. Conservation Principles 
 FEQ adopts the principle of conservation of water mass and the principle of conservation 
of the momentum content in the water instead of the principle of conservation of energy; which 
is usual in steady flow analysis. Using the momentum principle, the flow parameters and 
variables can be approximated closely, and can work well only when approximations to physical 
reality are possible. Note that, if all the flow parameters and variables are precisely known, any 
of the two principles, the momentum and the energy, would suffice. Unfortunately, precise 
knowledge of these is never possible. Different from the momentum principle, the energy 
principle is hard to approximate, particularly in tributaries to the main channel, such as sewers 
and drainage ditches that usually enter the main channel at right angles. In this situation, the flow 
is subject to considerable turbulence. This would require that the kinetic and potential energy of 
the lateral flows be estimated and then partially dissipated in the turbulence created at the point 
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of confluence. This is practically impossible, and thus FEQ implements the momentum 
conservation principle. 
 The effect of the thermal energy conservation principle is usually assumed to be 
negligible in the practical hydraulic analysis of streams. FEQ also uses this assumption. 
 
 
Figure 3.2 Desegregated Schematic Diagram for an FEQ model (from Franz & Melching (1997), 
p. 12) 
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 3.3.7. Computation Processes 
 The equations for mass and momentum conservation used by FEQ are the same as those 
derived in Section 3.2.2. 
 The integral form of the full equations of motion has to be converted to an approximate 
algebraic form to give a numerical solution. Approximate solutions must be obtained by applying 
numerical methods because exact solutions are only possible to obtain for a few special cases. 
Several numerical methods are available for this purpose. The approaches to computing these 
approximate solutions are grouped in two classes: first, the approach that fixes the location of the 
point along the channel in advance (nodes), which has two subclasses (explicit and implicit 
methods); and second, the approach that adjusts the location as needed in the solution. FEQ 
applies the implicit method of the first group, which is called the Preissmann four-point scheme 
or method; or more specifically an enhanced Preissmann method that may be called the weighted 
four-point scheme. 
 For the approximation computations for the most general form of motion equations for a 
branch, FEQ includes the following four options: 
• STDX: The weight coefficient for curvilinearity is assumed to always be equal to1. 
• STDW: A special user controlled variable weight for certain distance integrals is added to 
the equations applied in STDX. 
• STDCX: The weight to account for channel curvilinearity is added to the STDX option. 
• STDCW: The weight to account for channel curvilinearity is added to the STDW option. 
 The equations of mass and momentum conservation describe the flow and water surface 
stage in an open channel system. Once the appropriate equations are selected for a specific 
system, they must be solved simultaneously. The flow and the water stage for successive time 
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steps must be computed in-chain starting from an initial time. The flow and the water stage at 
that initial time are defined by the initial conditions.   
 FEQ can use Newton’s Iteration Method for Solution both for a single equation or 
simultaneous equations. However, an alternate method that would take care of some weaknesses 
of the Newton method is also used by FEQ. This method has been derived from a finite element 
method (Zienkiewicz & Taylor, 1989, p. 479) to solve the system of equations represented below: 
'2 = 3, 
 Where J is a Jacobian matrix of coefficients for the linear system, u is the vector of 
unknowns, and b is the right-hand side vector of residuals. Figure 3.3 shows a schematic of what 
this Jacobian matrix looks like. 
 For the solution of this system, J is made equal to LU, where L is a lower triangular 
matrix and U the upper triangular matrix. Figure 3.3 pictures three parts of the partitioned 
coefficient matrix: the reduced zone where L and U are already computed, the active zone that is 
currently computed, and the unreduced zone of the coefficient matrix.  
 
Figure 3.3 Working Zones for L and U Factoring of the Coefficient Matrix (from Franz & 
Melching (1997), p. 101) 
 
 The vector inner product for the element of L in the jth row and the ith column involves 
only elements to the left of the ith column in the jth row and the ith column at and above the main 
diagonal. Figure 3.4 pictures this vector inner product. 
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Figure 3.4 Typical Vector Inner Product for Row in the Lower Diagonal Matrix (from Franz & 
Melching (1997), p. 102) 
 
 
3.4. HEC-RAS Model 
 The Hydrologic Engineering Center's River Analysis System (HEC-RAS) version 4.1 is a 
software program that performs one-dimensional steady and unsteady open channel 
computations. The HEC-RAS model is comprised of different hydraulic computation 
components, data storage and management modules, and output generators that create graphics 
and tables. All of these components are seamed together with a graphical user interface (GUI). 
HEC-RAS has components for computing steady and unsteady flow simulations, sediment 
transport, and water quality. 
 
 3.4.1. Historical Background 
HEC-RAS was developed by the Hydrologic Engineering Center, an organization within the U.S. 
Army Corps of Engineers (USACE). The first version of HEC-RAS was released in 1995. As 
development continued for this model, new versions were released in the following years. 
Currently, the most popular versions are 4.1 (released in 2010) and 5.0.1 (released in 2016). The 
major difference between HEC-RAS 4 and HEC-RAS 5 is the addition of two-dimensional flow 
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modeling by version 5. This thesis uses HEC-RAS 4.1, as the modeling required is strictly one-
dimensional (Brunner, 2010, p. x). 
 In contrast to FEQ, HEC-RAS was not developed by a single individual, but by a team of 
programmers and engineers. The lead developer for the software was Gary Brunner; the main 
interface was designed by Mark Jensen; the steady and unsteady flow computations, as well as 
the sediment transport computations were programmed by Steven Piper, with assistance from 
Tony Thomas; the sediment transport interface was designed by Stanford Gibson; the water 
quality modules were programmed by Dr. Cindy Lowney and Mark Jensen. The interface for the 
channel design was developed by Cameron Ackerman; the unsteady flow equation solver was 
developed by Robert Barkau. The stable channel design function was programmed by Chris 
Goodell; data import routines were programmed by Joan Klipsch. The routines for modeling 
effects of ice cover were developed by Steven Daly. Additional contributions were made by 
seven members of HEC staff. (Brunner, 2010, pg x) 
 Since its initial release in 1995, HEC-RAS has become the standard hydraulic model used 
by consultants and government nationwide. 
 
 3.4.2. Available documentation 
 In its distribution package, HEC-RAS provides documentation that details the equations 
involved in the computations that the program carries out, as well as documentation that details 
how to use the software itself (Brunner, 2010). For HEC-RAS 4.1, there is a vast number of 
documentation available, both by the U.S. Army Corps of Engineers and external users. HEC-
RAS is distributed with the "Hydraulic Reference Manual" as well as a "User Manual". The 
USACE, as well as other external entities such as the American Society of Civil Engineers 
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(ASCE) provide training, seminars, and workshops to train engineers and modelers with using 
HEC-RAS.  
 
 3.4.3. Equations 
 HEC-RAS is equipped with equations to compute both steady and unsteady water surface 
profiles for one-dimensional flow. Only the equations for unsteady flow will be presented herein. 
 Similar to FEQ, HEC-RAS utilizes the principles of conservation of mass or volume and 
conservation of momentum to compute the water surface elevation in an open channel, which are 
usually called continuity and momentum equations. These continuity and momentum equations 
used by HEC-RAS are presented by by James A. Liggett in his report "Numerical Methods of 
Solution of the Unsteady Flow Equations" (Mahmood and Yevjevich, 1975, Chap. 4). 
 The derivation of the continuity equation starts with the adoption of a control volume. To 
guarantee conservation of mass, the net rate of flow into the control volume must be equal to the 
rate of change of storage inside the volume (Brunner, 2010) The following equation results for 
the mass conservation: 
4
 +

 −  = 0. 
 The momentum equation is derived from Newton’s second law. In conservation of 
momentum, the net rate of momentum entering the control volume plus the sum of all external 
forces acting on the control volume should be equal to the rate of accumulation of momentum. 
The resulting equation is as follows: 

 +
!
 + & 6
7
 +  )+8 = 0. 
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 3.4.4. Form of Water Surface Elevation Estimation in Floodplains 
 The HEC-RAS model makes assumptions to compute the water surface elevations when 
the flow transitions from the channel to the floodplain and vice versa. HEC-RAS estimates the 
water surface elevations by assuming the flow as conveyed by two channels, the lower (the 
channel itself) and the upper channel (the floodplain).  
 For representing the one-dimensional unsteady flow equations, HEC-RAS utilizes the 
four-point implicit scheme also known as the box scheme. Since this scheme has to appeal to 
several intermediate assumptions, it needs to be accompanied by a sensitivity study. 
 
 3.4.5 Method of Approximation 
To solve the linearized, implicit, finite difference equations, HEC-RAS uses the method of finite 
difference approximation. Details of this finite difference approximation can be found in the 
HEC-RAS "Hydraulic Reference Manual" (Brunner, 2010). 
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CHAPTER 4 
METHODOLOGY 
 
4.1 Introduction 
 The work herein intends to provide engineers and researchers a clearer picture of the 
strengths and weaknesses of both models when tasked with modeling specific cases of one-
dimensional open channel flow hydraulics. Both models will be applied to a specific problem; so 
that a direct comparison can be conducted and any variables can readily be traced.  Due to time 
and resource constraints, the author leveraged datasets from a previous study (Fulford, 1998). 
 
 4.1.1 Analysis Approach 
 The dataset included in Fulford's report constitutes the basis for development of this work. 
The three scenarios modeled by Fulford will be recreated, and the presented measured data that 
was used to validate results will also be used. This work builds upon Fulford’s analysis approach, 
providing a deeper level of analysis when comparing HEC-RAS and FEQ results. In addition, 
this work will provide a much needed introduction to the hydraulic and mathematical tools used 
by Fulford, and look into how to better evaluate and compare software when it comes to 
hydraulic models. 
 
 4.1.2 Cases of Analysis 
 Three case studies will be used for the comparisons. The first case is the U.S. Army 
Corps of Engineers (herein abbreviated as COE) Dam Break Flume data set. The flume of this 
data set is a laboratory rectangular channel provided with a collapsible dam at the middle of its 
 400 ft long reach. The flume slope is 0.005 and its Manni
interpolated from measured values of Manning's 
characteristics of this flume. 
Figure 4.1 Case 1: Geometry of the COE Dam Break Flume
presented in 
 A base flow depth of 0.57 ft 
done in the reach starting at the dam and extending 
with duration of 240 seconds resulted from t
hydrographs at the upstream and downstream cross sections
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ng’s roughness coefficient
n. Figure 4.1 shows the geometric 
, based on laboratory experiments 
Schmidgall and Strange (1961) 
 
exists downstream of the dam. Computational modeling
125 ft downstream of the dam. A hydrograph 
he sudden failure of the dam. The flow and stage 
 are included in Appendix A
 was linearly 
 was 
. 
  The second case is the Treske
channel with overbank sections at both sides.
characteristics of this flume are shown in Figure 
Figure 4.2 Case 2: Geometry of the
 The Manning’s roughness 
conditions is 0.012. The hydrographs to be applied at the upstream and downstream cross 
37 
 Flume data set. This flume is also a laboratory rectangular 
 The slope of the flume is 0.00019. The geometric 
4.2. 
 Treske Flume; based on Fulford (1998)
 
coefficient for this flume for estimated for uniform
 
, p. 14 
 flow 
 sections will both have duration of 216 minutes. 
upstream and downstream cross sections.
The third case belongs to 
4.3.  
Figure 4.3 Case 3: Sacramento River
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Appendix B includes the hydrographs at the 
  
the Sacramento River data set, which is represented in Figure 
 field study, modeled area between USGS 
11447500 and 11447650 
 
stations 
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 The stage and discharge hydrographs measured for this model at the upstream and 
downstream cross sections are included in Appendix C. This model has a reach length of 10.8 
miles (57024 ft). Geometric tables that present the stage-area relationship were used to develop 
an equivalent synthetic cross section, since no surveyed cross section data was available at the 
moment for the reach. Manning's n for the reach is approx. 0.026 (Shaffranek et al, 1981).  The 
boundary conditions for this model were obtained from measurements at USGS Gaging Stations 
11447500 and 11447650. Upstream measurements included stage hydrographs and discharge 
hydrographs. Downstream measurements only include a stage hydrograph. For this model, the 
boundary conditions consist of upstream and downstream stages, instead of flows.  
 A summary of the characteristics of all three open channels is included in Table 4.1. A 
summary of the spatial and time discretizations to be applied in the models is included in Table 
4.2. All of the parameters shown in Tables 4.1 and 4.2 will be discussed in detail in Chapter 5. 
For Table 4.2, the "Notation" is a name given to each individual scenario in all three cases that 
describes its number of segments and time step (see Chapter 5). 
Table 4.1: Summary of Characteristics of Cases 1, 2, 3 
Data Set 
Case 1: 
COE flume 
(lab) 
Case 2: 
COE flume 
(lab) 
Case 3: 
Sacramento River 
(field) 
Flow effects dam break overbanks tidal/back water 
Upstream boundary discharge discharge stage 
Downstream 
boundary stage stage stage 
Reach length (ft) 125 689 57,024 
Channel width (ft) 4.0 18.86 600. 
Channel slope 0.005 0.00019 6.0 x 10-7 
Duration (s) 240 12,960 27,900 
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Table 4.2: Summary of spatial and 
time discretizations for Cases 1, 2, 3 
Case Notation dx [ft] dt [s] 
1: COE Dam 
Break 
X1 125 1 
X5 25 1 
X25 5 1 
2: Treske 
Overbank Flume 
X4-DT180 172.3 180 
X13-DT60 53 60 
X1-DT180 689 180 
X1-DT360 689 360 
3: Sacramento 
River 
X2 28512 900 
X10 5702 900 
 
 4.1.3. Necessary Coding 
 As discussed in Section 3.3, FEQ only performs unsteady flow computations. External 
programs are needed to carry out pre-processing and post-processing. For pre-processing, 
FEQUTL is used. For post-processing, a series of Python codes developed by the author were 
used to export FEQ output data into spreadsheet files. Additional codes were also written to 
export hydraulic table data and hydrographs from their original format into a format readable by 
HEC-RAS. Appendix J contains the Python code. 
 
 4.1.4. Building the Models 
 The three case studies presented in this report are simple models that consist of open 
channel sections with imposed boundary conditions. No hydraulic structures, lateral inflows, or 
dynamic elements are included in any of the three case studies. In summary, each model consists 
of a reach with cross sectional geometry and roughness parameters; a forced upstream condition; 
a forced downstream condition; and, in the case of the Sacramento River model, an initial flow. 
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 The processes of building a model in FEQ and HEC-RAS are very different from each 
other. An FEQ model is composed entirely on a series of text files. The main input file for an 
FEQ model builds the schematic of the model by setting up nodes and junctions, and linking 
them to each other as well as external tables that delineate their cross-section characteristics or 
force boundary conditions. FEQ input files are written in a specific order and format, which is 
presented and explained in Chapter 13 of Franz & Melching (1997). External table and time 
series files are also written as text files, and also follow a specific format. To summarize, the 
FEQ input files for these models consist of a main input file that is run by the FEQ program, two 
time series files that contain boundary conditions, and one or more table files that contain cross 
sectional data. 
 Conversely, the HEC-RAS input file is built using the model's graphic user interface. 
Cross section data and roughness coefficients are written into the geometry pre-processor. 
Boundary conditions are written into the unsteady flow parameters module. The model is then 
run by selecting the duration and time step for the model. For every module used, HEC-RAS 
develops text files that contain the inputted information. Output data is stored in .DSS files 
generated by HEC-RAS. These .DSS files can be read by HEC-RAS in the form of tables and 
graphs. 
 
4.2 Comparison Approach 
 Both models, FEQ and HEC-RAS, will be run for several conditions addressed to cover a 
wide spectrum of spatial discretization-time step combinations. The time steps to be used will be 
in the neighborhood of the time steps that would usually be adopted in practice. Different 
combinations for each case will be made. 
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• Parameters of Comparison: Two parameters of comparison are selected: water surface 
stage and water discharge. The simulation will yield stage and discharge hydrographs. 
• Forms of Comparison: The comparison will be made in two steps. First, each modeled 
stage and discharge hydrographs will be evaluated and compared against a measured 
hydrographs; and second, these same hydrographs, simulated by FEQ and HEC-RAS will 
be compared to each other. 
• Main Hydrograph Characteristics: The following are the main aspects of each 
hydrograph that will be observed in the evaluation and in the comparison: 
• Shape 
• Rising and Falling Limb 
• The peak  
• The Peaking Duration 
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CHAPTER 5 
RESULTS AND DISCUSSION 
 
5.1 Case 1: COE Dam Break Model  
 5.1.1 Introduction 
 The results of the FEQ and HEC-RAS models will be tested using a measured dam break 
hydrograph as being conveyed through the COE’s 4-feet wide rectangular channel. The channel 
reach length modeled will be of 125 ft downstream of the gate that simulates a dam. A sudden 
dam failure hydrograph of measured discharges will be applied onto the models. 
• Computation interval (time step): When building the model, the first parameter was the 
selection of the computation interval or time step. This interval had to be small enough to 
yield accuracy to draw the rising and the falling limb of the hydrograph being routed. The 
rule of thumb among consultants has been to have a time step equal or less than the time 
of rise of the hydrograph divided by 20. The time of rise of the stage hydrograph is 31.63 
seconds, while the time of rise of the discharge hydrograph is 58.97. Using the smallest 
time of rise, the time step for the tests should be 1.58 seconds or less. For this research, a 
one (1) second time step was selected. 
• Space discretization: In a channel with a uniform cross section, like the COE’s channel, 
it may be thought that the lengths of the channel reach discretization to be used to 
compute flow and stage would not matter, because the hydraulic effect at each discrete 
segment of the channel reach will be accumulated, ultimately reproducing the effect of 
the length of a single segment. However, that is not the case. The number of discrete 
segments makes the model estimate errors or assertions at each discretized segment and 
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transmit them as starting data for the next segment. This means that as the number of 
discrete segments in a model increases, so does the errors or assertions in the model 
output. The effect of discretization will also be felt when the channel roughness 
coefficient varies with water depth, the smaller the space discretization, the more accurate 
the effect of the roughness in the water surface elevations. Based on these considerations, 
this analysis will use 125-, 25- and 5-feet space discretization, herein named X1, X5 and 
X25, respectively. These space discretizations will place cross sections at equal intervals. 
• Manning's Coefficient of Roughness: The COE’s data set includes measured 
information of the channel's coefficient of roughness, also known as Manning’s n; which 
varies with water depth: 0.040 at 0.70 ft depth and 0.120 at 0.15 ft. An arithmetic 
relationship of depth versus roughness was drawn based on these values:  = .

; 
where n is the Manning’s coefficient and y is the depth of the channel. 
• Boundary Conditions: The upstream boundary condition for the model will be the 
measured discharge hydrograph and the downstream boundary will be the measured 
water stage hydrograph. Both hydrographs are presented in Appendix A. 
 The following discussion will start with an evaluation of the results of each individual 
model; then, a comparison of the performance of both models will follow. The discussion will 
end with a summary of the results of the comparison. The resulting upstream stage values and 
downstream discharge values will then be compared to the corresponding measured hydrographs. 
Figure 5.1 presents a schematic of the input and output parameters that will be expected from 
both models. 
   Figure 5.1
 5.1.2 FEQ Model 
 The FEQ model was run to compare 
previous section and find which discretization better reproduces the measured stage and 
discharge values. The output of this run is included in 
 The first discussion concerns
shows the graphical representation of the
X25 with respect to time. 
 The graph for the three space discretization
hydrograph approximates the shape of the measured 
hydrographs deviate from the measured pattern 
coincidence. 
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 Schematic of input and output parameters 
the three space discretizations described in the 
Appendix D. 
 the water stage at the upstream cross section
 stage hydrograph at the upstream end for X1, X5 and 
s shows that the shape of the FEQ model 
hydrograph; however, all three modeled 
over and under with only a few points of 
 
. Figure 5.2 
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Figure 5.2 Case 1: Water Surface Elevation at the upstream cross section: measured W.S.E., and 
results from FEQ models at different space discretizations (X1, X5, X25) 
 
 The time of rise of the measured stage is 14.55 seconds for the peak stage, which is 
sustained for 9.11 seconds. The time of rise of all the computed hydrographs exceeds the time of 
rise of the measured hydrograph. The computed times to peak are as follows: 18 seconds for 
hydrographs X5 and X25, and 24 seconds for X1. The time of rise of hydrographs X5 and X25 is 
24 % higher than the measured, and that of X1, 65 % higher. 
 The hydrographs for X5 and X25 show peak stages less than 0.01 ft lower than that of the 
measured hydrograph (1.325 ft). For hydrograph X5, the stage is 1.320 ft and for X25, the peak 
stage is 1.323 ft. In contrast, the peak stage for X1 is higher than that of the measured 
hydrograph, 1.337 ft. The duration of the peak stage of all the modeled hydrographs is lower 
than that of the measured stage. The peak stage duration of the measured stage is 9.11 seconds 
against durations of 1, 2, and 1 seconds, for the peak stages of X5, X25, and X1, respectively. 
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The closest to the measured peak stage is that of X25, accompanied by the longest modeled 
sustained peak duration.  
 At the falling limb of the stage hydrograph, it is observed that modeled hydrographs X5 
and X25 resemble the measured pattern fairly well, up to a time of 72 seconds. From this time 
onward, both hydrographs start to deviate with higher stages. X1 shows a much different 
configuration. At durations of less than 94 seconds, the modeled hydrograph exhibits lower 
stages; and at durations higher that 94 seconds, upon the end of the running time, the water 
stages start to increase. 
 The patterns of X5 and X25 do not vary much from each other, except when both are 
close to the time of peak stage. Different of these two curves, the X1 curve clearly misrepresents 
the measured hydrograph. In conclusion and from the stage stand point, the X25 curve generated 
by the FEQ model shows to be the most assertive, and the X1 curve shows to be the most erratic. 
 To evaluate discharge computations, the output of the model was compared against a 
measured discharge hydrograph in the downstream section of the reach. See Figure 5.3 for the 
measured discharge hydrograph, along with the hydrographs generated by FEQ at X1, X5 and 
X25. Noticeable similarities between all three model outputs and the measured discharges occur 
from time 125 (s) onward. However, at lower times, the modeled discharges show significant 
deviations from the measured discharges. The general shape of the discharge curve is matched 
for curves X5 and X25, but not for curve X1. 
 The hydrograph rising times in all three models are lower than the measured time (58.97 
seconds), the rising time for the X5 discharge hydrograph is 52 seconds, 48 seconds for X25, and 
25 seconds for X1. The duration time of the rising limb of X5 is closest to the measured time. 
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Figure 5.3 Case 1: Discharge at the downstream cross section: measured Q, and results from 
FEQ models at different space discretizations (X1, X5, and X25) 
 
 
 All modeled peak discharges are higher than the measured discharge, which is 3.878 cfs.  
The discharge for hydrograph X5 is 4.050 cfs, for X25, 4.040 cfs, and for X1, 4.400 cfs. The 
peak discharge for the X25 discharge hydrograph is about 4 % higher than the measured peak 
discharge. X5 and X1 show higher peak discharges. 
 Relatively, the best fit with the measured discharges is modeled in hydrograph X25. 
Hydrograph X5 follows X25; though a wild behavior is seen at durations below 16 seconds. The 
X1 hydrograph shows an unreliable pattern in duration times smaller than 125 seconds. In 
summary, stage and discharge hydrographs for 5-ft space discretization (X25) as modeled with 
FEQ are closer to the measured hydrographs. 
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 5.1.3 HEC RAS 
 The HEC-RAS model was also run to compare the same three space discretizations 
mentioned previously: X1, X5, and X25. The output of this run is included in Appendix E.  
 Concerning the water stage hydrograph, the graphic representation of the output for the 
three space discretization is shown in Figure 5.4. 
 
Figure 5.4 Case 1: Water Surface Elevation at the upstream cross section: measured W.S.E., and 
results from HEC-RAS models at different space discretizations (X1, X5, X25) 
 
 The time of rise of all the computed hydrographs exceeds the time of rise of the measured 
hydrograph, which is 14.55 seconds. For hydrograph X5, this time is 18 seconds; for X25, 19 
seconds, and for X1, 24 seconds. The rising time of X5 is the closest to the measured time. 
 The hydrographs for X5 and X25 show a peak stage of 1.313 ft which is slightly lower 
than that of the measured hydrograph (1.325 ft).  In contrast, the peak stage for X1 is 1.367 ft, 
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which is higher than that of the measured peak stage. The duration of the peak stage of all the 
modeled hydrographs is much lower than that of the measured stage. The peak stage duration 
span of the measured stage is 9.11 seconds, while all three modeled peak stage durations span 
around 1 second. The HEC-RAS model for X5 and X25 gives a peak stage that is closest to the 
measured stage, although slightly lower.  
 At the falling limb of the stage hydrograph, it is observed that all modeled hydrographs 
deviate from the measured values with higher stages starting at time 102 seconds; and they do 
not approach the measured stages upon the end of the duration time. The stage hydrographs for 
X5 and X25 match one to each other except at duration times less than 11 seconds. On the 
contrary, the X1 curve deviates from the measured hydrograph. In conclusion, the stage 
hydrographs X5 and X25 generated by the HEC-RAS model reproduces stages closest to the 
measured stages.  
 In relation to the discharges, Figure 5.5 shows the plot of the discharge hydrograph that 
was computed for the downstream end of the model. A close match of all three modeled 
discharges with the measured discharges occurs from duration time 125 seconds onward. 
However, at lower duration times, the modeled discharges show significant deviations from the 
patterns of the measured discharges. 
 At the discharge hydrograph rising limb, the rising time for all three models is much 
lower than the measured time (58.97 seconds). The rising time for X5 and X25 is 44 seconds, for 
X1, 31 seconds. 
 At the peak, all modeled peak discharges are higher than the measured discharge, which 
is 3.878 cfs.  The peak discharge for hydrographs X5 and X25 is 4.160 cfs, and for X1, 4.300 cfs. 
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The peak discharge for X5 and X25 is about 7 % higher than the measured peak discharge, 
whereas the peak discharge of X1 is over 10 % higher than the measured value. 
 
 
Figure 5.5 Case 1: Discharge at the downstream cross section: measured Q, and results from 
HEC-RAS models at different space discretizations (X1, X5, X25) 
   
 With the exception of the peak discharge, the hydrograph that best fits the measured 
discharges is hydrograph X25. Hydrograph X5 follows X25 in accuracy, though it deviates at 
times lesser than 16 seconds. The X1 hydrograph shows an unreliable pattern in times smaller 
than 125 seconds. Overall, the 5-ft space discretization (X25) better resembles the measured 
stage and discharge hydrographs.  
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 5.1.4 Comparison 
 The comparison to evaluate the performance of both models was based on the analysis of 
stages and discharges for each of the three space discretizations. Comparative stage and 
discharge hydrographs were plotted for each space discretization used. 
  5.1.4.1 Space discretization of 125 ft (X1) 
 The first of these is the comparison of the stage and discharge hydrographs for X1, as 
shown in Figures 5.6 and 5.7, respectively. Figure 5.6 shows that the results of the HEC-RAS 
model provide a closer match with the measured stages at the rising limb of the hydrograph. 
 Compared with the measured peak stage, which is 1.325 ft, both models compute a 
higher peak stage, with HEC-RAS having the highest with 1.367 ft and FEQ with 1.337 ft. The 
time of peak stage of both models is also higher than the measured time (14.55 seconds), 24 and 
23 seconds for HEC-RAS and FEQ, respectively. FEQ better interprets the peak stage. 
 The stage values of both models at the falling limb of the stage hydrograph deviate above 
and below from the measured values; with FEQ having the largest deviations. Another 
characteristic is that the HEC-RAS hydrograph intersects the measured hydrograph in two points 
while FEQ only does so in one point. Based on this, the HEC-RAS model results seem to be 
closer to the measured stages in the hydrograph. 
 Observing the discharge hydrographs plotted in Figure 5.7, neither the FEQ nor the HEC-
RAS discharge hydrographs reproduce the measured discharges; except at a duration time above 
123 seconds, when both hydrographs match the measured hydrograph. 
 None of the hydrographs reproduce the measured discharge values at the rising limb of 
the hydrograph. In terms of duration, the event of rising starts at a time of 24.6 seconds; while 
the models show times of 12 and 13 seconds for FEQ and HEC-RAS, respectively.  
53 
 
 
Figure 5.6 Case 1: Water surface elevation at upstream cross section: measured W.S.E; and FEQ 
& HEC-RAS results for a space discretization of 125 ft (X1) 
 
 In relation to the peak stage duration time, FEQ reaches the peak at 25 seconds, with 4.40 
cfs and HEC-RAS at 32 seconds, with 4.30 cfs; while the measured peak is obtained at 71.45 
seconds. Perhaps the magnitude of the peak discharge is the parameter that is worst represented. 
For FEQ, the computed peak discharge is 13.7 % larger that measured discharge and for HEC-
RAS, 11.1%. Overall, neither model can well represent the measured values for X1; but HEC-
RAS does a better job at approximating said values. 
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Figure 5.7 Case 1: Discharge, Q at upstream cross section: measured Q; and FEQ & HEC-RAS 
results for a space discretization of 125 ft (X1) 
 
   5.1.4.2 Space discretization of 25 ft (X5) 
 The second comparison will take into account space discretization X5 for both models. 
Figures 5.8 and 5.9, show the results of stage and discharge plotted against measured values. 
Observing the stage hydrograph plot for FEQ and RAS (Figure 5.8), it is found that the results of 
both models match fairly well with the measured hydrograph at the rising limb of the stage 
hydrograph, except at the beginning, at duration time less than 3 seconds, where the stages 
produced by both models are higher. 
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Figure 5.8 Case 1: Water surface elevation at upstream cross section: measured W.S.E; and FEQ 
& HEC-RAS results for a space discretization of 25 ft (X5) 
 
 In relation to the peak stage, FEQ matches the measured peak closer with 1.320 ft; while 
HEC-RAS results in a peak stage of 1.313 ft, against the measured peak discharge of 1.325 ft.  
The time of peak of both models is also higher than the measured time to peak (14.55 seconds), 
18 and 19 seconds for HEC-RAS and FEQ, respectively.  
 On the falling limb, the FEQ model approaches the stages of the measured hydrograph 
from time 30 to 123 seconds.  From time 123 seconds onward, the FEQ stages remain higher 
than the measured stages. A similar trend is followed by the HEC-RAS model. FEQ reproduces 
closer measured stages at the falling limb of the stage hydrograph at X5. 
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Figure 5.9 Case 1: Discharge, Q at upstream cross section: measured Q; and FEQ & HEC-RAS 
results for a space discretization of 25 ft (X5) 
 
 As shown in Figure 5.9, none of the modeled hydrographs reproduce the measured 
discharge data at the rising limb of the discharge hydrograph. However, one small resemblance 
of both models with the measured discharges is found: the rising limb slope of both models 
between times 19 and 24 is similar to that of the measured discharges between duration times 23 
and 28 seconds. 
 In relation to the peak discharge duration time, FEQ reaches the peak at 52 seconds with 
4.062 cfs and HEC-RAS at 42 with 4.458 cfs. The peak discharge is the parameter which neither 
model manages to represent accurately. The peak computed by HEC-RAS is 14.9% higher than 
the measured peak discharge, and FEQ’s peak discharge is 4.7 % higher than the measured 
values.  
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 At the falling limb and after a time of 71 seconds, both models match the measured 
discharge hydrograph fairly, through FEQ performs slightly better. Above 108 seconds, both 
hydrographs match the measured discharge hydrograph perfectly. In summary, the FEQ model 
performed better for X5. 
  5.1.4.3 Space discretization of 5 ft (X25) 
 Finally, the third comparison of stage and discharge hydrographs will be for X25; which 
is plotted in figures 5.10 and 5.11, respectively. From Figure 5.10, though both models do a good 
job of approximating the measured stage data at the rising limb of the stage hydrograph, the 
results of the FEQ model match the measured peak stage for a larger period of time. 
 
Figure 5.10 Case 1: Water surface elevation at upstream cross section: measured W.S.E; and 
FEQ & HEC-RAS results for a space discretization of 5 ft (X25) 
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 Compared to the measured peak stage of 1.325 ft, both models give lower peak stages, 
with HEC-RAS having the lowest at 1.313 ft and FEQ at 1.323 ft. The time of peak for both 
models is also lower than the measured: 18 seconds for both HEC-RAS and FEQ. FEQ better 
interprets the peak stage at space discretization X25. 
 At the falling limb, the FEQ hydrograph matches the measured water stages better than 
HEC-RAS's hydrograph, though the modeled stages are consistently slightly higher than the 
measured stages above time 74. It is also noticeable that the HEC-RAS model stages are lower 
than the measured stages at duration times below 98 seconds. In conclusion, the FEQ model 
represents the measured stage data better than the HEC-RAS model for the space discretization 
X25. 
 
Figure 5.11 Discharge, Q at upstream cross section: measured Q; and FEQ & HEC-RAS results 
for a space discretization of 5 ft (X25) 
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 The discharge hydrograph for the two models (Figure 5.11) shows that FEQ reproduces 
the measured discharges at the beginning of the rising limb (at times less than 27 seconds) fairly 
well. After that time, the deviation of the discharge values from the measured pattern is 
noticeable.  
 In relation to the peak discharge duration time, FEQ obtains a peak discharge at 52 
seconds with 4.087 cfs and HEC-RAS at 42 with 4.157 cfs. The FEQ peak discharge is 5.4% 
larger than the measured discharge and HEC-RAS’s is 7.2% higher. FEQ provides a closer 
match, in this case. 
 At the falling limb of the discharge hydrograph, for space discretization X25, both 
models give values that match the measured values, especially at duration times above 72 
seconds; but between the two, FEQ performs slightly better in terms of discharge. 
 
 5.1.5 Summary 
 From the above discussion, it was concluded that the 5-ft space discretization (X25) was 
the best for both models. However, while comparing the performance of FEQ and HEC-RAS, all 
three space discretization were used to understand the behavior of the analyzed models. 
 The results and discussions are based on how well the peak and the rising and the falling 
limb of the model hydrograph matches the measured hydrograph. For a 125-ft space 
discretization (X1), HEC-RAS is more accurate. However, for 25- and 5-ft space discretizations, 
X5 and X25 respectively, FEQ shows to be much better. Table 5.1 shows the relative 
performance of both models, where an asterisk (*) is used to determine which model performed 
acceptably. 
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Table 5.1:  Model Qualitative Qualification  
(Case 1: COE Dam Break) 
Hydrograph 
Space discretization FEQ HEC-RAS 
Hydrograph Hydrograph 
Space 
Discretization Notation Rising Peak Falling Rising Peak Falling 
Stage, ft 
125 ft X1   *   *   * 
25 ft X5 * * * *     
5 ft X25 * * * *     
Discharge, 
cfs 
125 ft X1       * * * 
25 ft X5 * * *       
5 ft X25 * * *       
 
 In the analysis of the individual models, the 5-ft space discretization showed to be the 
best for both models. FEQ is the model which better represents the measured stage and discharge 
values in the COE’s channel for this spatial discretization.  
 For this summary it was thought useful to develop bar graphs for the peak discharges and 
the peak stages, along with their corresponding duration of occurrence for all four spatial 
discretization-time step combinations. Figure 5.12, 5.13, 5.14, and 5.15 show the four graphs: 
two for the peak stage and discharge per computed by FEQ and as per HEC-RAS. In the 
following figures, the time to peak has been increased by a factor of three (	
 ∗ 3) for 
graphical purposes only.  
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Figure 5.12 Case 1: Peak stage and time to peak computed by FEQ for spatial discretizations X1, 
X5, and X25; and measured peak stage and time to peak  
 
 
Figure 5.13 Case 1: Peak discharge and time to peak computed by FEQ for spatial discretizations 
X1, X5, and X25; and measured peak discharge and time to peak  
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Figure 5.14 Case 1: Peak stage and time to peak computed by HEC-RAS for spatial 
discretizations X1, X5, and X25; and measured peak discharge and time to peak  
 
 
Figure 5.15 Case 1: Peak discharge and time to peak computed by HEC-RAS for spatial 
discretizations X1, X5, and X25; and measured peak discharge and time to peak  
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5.2 Case 2: Treske Overbank Flume 
 5.2.1 Introduction 
 For Case 2, the results of the FEQ and the HEC-RAS models were tested for an input 
hydrograph as being conveyed through the composite cross section Treske flume. This flume is 
4.1 ft wide and 1.28 ft deep bottom channel; it also has a 9.84 ft wide left overbank and a 4.92 ft 
wide right overbank. The channel reach length is 689 ft long. 
• Computation interval (time step): Following the methodology used in Case 1, the time 
step should be equal or less than the time of rise of the hydrograph divided by 20, under 
this assumption the time step should be 5.05 minutes (101/20). In this analysis time steps 
of 1, 3 and 6 minutes were used. Though the last time step exceeds the above estimated 
time step, it is still good for the purpose of this research. 
• Spatial discretization: Modeling was made for three spatial discretizations: 689 ft, 
172.25 ft, and 53 ft. These divided the modeled flume in 1, 4 and 13 segments, 
respectively; and herein are named X1, X4 and X13, in the same order. 
• Combination: Time step and spatial discretization was combined so that the tests 
covered a wide spectrum of possibilities. The following table presents the combination of 
time step and space discretization adopted for this analysis. 
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TABLE 5.2 Spatial Discretization-Time Step Combination 
Combination 
Space Discretization 
Time step, 
[s] # of 
segments 
Discretization 
[ft] 
X4-DT180 4 172.25 180 
X13-DT60 13 53 60 
X1-DT180 1 689 180 
X1-DT360 1 689 360 
 
• Manning's roughness: The Treske data set includes information of the Manning’s 
roughness factor obtained for uniform flow: 0.012. 
• Hydrograph duration: The duration of the modeled hydrographs was 216 minutes; 
which is the same as the duration of the measured discharge and stage hydrographs. 
• Boundary Conditions: The upstream boundary condition for the models was the 
measured discharge hydrograph and the downstream boundary was the measured water 
stage hydrograph. 
 The following discussion starts with an evaluation of the results of each individual model 
for the chosen spatial discretization-time step combinations. Then, the discussion discusses the 
performance of the both models relative to each other. The discussion ends with a summary of 
the relevant findings. 
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 5.2.2 FEQ Model 
 The FEQ model was run for the four spatial discretization-time step combinations shown 
in Table 5.2. The results are included in Appendix F. The characteristic aspect of these runs is 
that the water overflows the flume’s lower rectangular channel to the upper “overbank” channel. 
This fact is addressed to test the models' performance under a drastic change in the channel cross 
section. Water stage and discharge hydrographs were plotted to compare them with each other 
and with the corresponding measured hydrographs as shown in Figures 5.16 and 5.17. 
 
 
Figure 5.16 Case 2: Water Surface Elevation at upstream cross section: measured W.S.E., and 
results from FEQ models at different space discretization/time step combinations (X4-DT180, 
X13-DT60, X1-DT180, and X1-DT360) 
 
 The first discussion concerns the water stage. Figure 5.16 shows the graphic 
representation of the stage hydrograph at the upstream end of the flume for the four 
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combinations. The graph shows that the shape of three modeled stage hydrographs closely 
reproduces the shape of the measured hydrograph; except at the falling limb where all modeled 
hydrographs present a singular break point, non-existing in the measured hydrograph. Putting 
aside this observation, the X13-DT60 hydrograph is the one which fits the measured hydrograph 
better. The least accurate comes to be the X1-DT360 hydrograph. This is the hydrograph with a 
time step exceeding the recommended maximum value of 5.05 minutes. The transition of the 
flow from the channel to the overbank should start occurring at stage 1.582 ft, near a time 50 
minutes. In fact, the slope of the hydrograph curve at the rising limb drops after reaching stage 
1.582 ft. 
 The peak stage for all modeled stage hydrographs is lower than the measured peak. The 
measured peak is 1.901 ft; while the modeled peak is 1.870 ft, 1.6% lower. On the other hand, 
the measured duration for the peak stage is 102 minutes; the modeled duration is the same. In 
spite of this small deviation, the peak stage is well represented by all four models. 
 At the falling limb of the stage hydrograph, and as expected, the slope of the curves of all 
four modeled hydrographs at duration 165 minutes increase after the stage falls below 1.582 ft, 
when the flow transitions back to only the lower channel. Interestingly, just after about 6 minutes, 
a break point appears when the slope of these curves decreases. The slope of the measured 
hydrograph is uniform and does not reflect any beak point. This suggests that the models cannot 
handle the abrupt transition from the channel flow to the overbank flow well. The only 
explanation is that the FEQ model becomes unstable when the water surface transitions from 
being spread in the overbank to being abruptly constrained within the channel, and may be 
attributed to the change in the wetted perimeter. In the theoretical case of an infinitesimal 
decrease in water depth, the minimum decrease to allow the remaining overbank to totally fall 
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into the lower channel, the wetted perimeter P will instantly transition from 14.76 ft to 6.6 ft; and 
the decrease in stage, which is an exponential function of the wetted perimeter  = /	, 
where K1 is a constant, will have a swift jump. After this duration time, the X13-DT60 curve fits 
the measured stage hydrograph. 
 In summary, hydrograph X13-DT60 emulates the measured hydrograph better than the 
other hydrographs. Contrary to this, hydrograph X1-DT360 has lower durations at the rising limb, 
as well as at the falling limb, showing higher stage values for common durations with the 
measured hydrograph. 
 
 
Figure 5.17 Case 2: Discharge (Q) at downstream cross section: measured Q, and results from 
FEQ models at different space discretization/time step combinations (X4-DT180, X13-DT60, 
X1-DT180, and X1-DT360) 
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 In relation to the discharge hydrographs which are plotted in Figure 5.17, the shape of all 
four modeled hydrographs shows oscillations in two areas that correspond to the transitions. The 
first area is when the bottom channel overflows and the “overbank” flow begins; and the second 
area is when the overflow ceases and the entire discharge flows back through the bottom channel. 
This is an indication that the model cannot properly handle this transition. 
 The wetted perimeter also plays a role in this problem. In a theoretical case, when the 
wetted perimeter P instantly transitions from 6.6 ft to 14.76 ft, the discharge, instead of 
increasing, will drop to 59% (
 = 	/ where K2 is a constant); this will continue happening 
until the effect of the sharp increase in wetted perimeter to the discharge is dissipated. In other 
words, the traditional Manning’s relationship does not work well where sharp increases in wetted 
perimeter exist. 
 The abnormal situation of the modeled discharge hydrograph at the rising limb is given at 
a time of 50 minutes, where the 1.28 ft deep bottom channel overflows, the discharge drops and 
then increases. It takes about 18 minutes to stabilize, over the duration time 42 to 60 minutes.  
 All modeled peak discharges are close to the measured peak of 13.90 cfs. The 
abnormality at the falling limb of the modeled discharge hydrographs is given around duration of 
165 minutes, where the overflow of the base channel starts to cease. The oscillation takes place 
at about 18 minutes, between 162 and 180 minutes, where the discharges first go up and then 
drop until they reach equilibrium. The model misinterprets the measured hydrograph in this 
transition. 
 Regarding discharge, the hydrographs X4-DT180, X1-DT180, and X13-DT60 fit the 
measured hydrograph well, except at the transition from the overbank to the channel. Overall, the 
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stage and discharge hydrographs for 53-ft spatial discretization/60 seconds time step (X13-DT60) 
as modeled with FEQ are the ones that yield results closest to the measured hydrographs. 
 5.2.3 HEC-RAS 
 The HEC-RAS model was also run for the same data set and the same combinations of 
spatial discretization and time step. The output of this runs is included in Appendix G. 
 
 
Figure 5.18 Case 2: Water Surface Elevation at upstream cross section: measured W.S.E., and 
results from HEC-RAS models at different space discretization/time step combinations (X4-
DT180, X13-DT60, X1-DT180, and X1-DT360) 
 
 Concerning the water stage hydrograph, the graphic representation of the output for the 
three spatial discretizations is shown in Figure 5.18. Though a slight displacement to the side of 
low durations is seen for some of the hydrographs, the shape of all four combinations resembles 
the shape of the measured hydrograph, with hydrograph X13-DT60 being the one that traces best 
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the measured hydrograph. On the opposite, hydrograph X1-DT360 shows to be the most 
displaced towards lower durations resulting in less accuracy. 
 On the rising limb of the hydrographs, overbank flow happens when the water stage 
reaches 1.582 ft (this stage is equal to the elevation of the bottom of the flume [0.302 ft] plus the 
depth of the bottom channel [1.280 ft]). At this point, the slope of the curve decreases. As for the 
HEC-RAS models, no indication of abnormal behavior is seen at the rising limb of any of the 
hydrographs. 
 The peak stages for all modeled hydrographs are a bit lower than the measured peak. The 
measured peak is 1.901 ft; while the modeled is around 1.884 ft, 0.9 % lower. Similarly, the 
duration for the occurrence of the peak stage is 102 minutes while the modeled time to peak is 
100 minutes, 1.9 % lower. In spite of these deviations, the peak stage is fairly well represented 
by all four models. 
 At the falling limb of the stage hydrograph, the slope of all three modeled hydrographs 
increases where the “overbank” flow is dissipated and the flow transitions to the bottom channel 
at duration 165 minutes. All three curves fit the measured curve well after this duration time of 
200 min. 
 In summary, hydrographs X13-DT60 and X4-DT180 are the ones which better emulate 
the measured hydrograph. Contrary to this, hydrograph X1-DT360 slips towards lower durations 
at the rising limb, as well as, at the falling limb. 
 In relation to the discharge hydrographs plotted in Figure 5.19, the shape of all four 
modeled hydrographs shows mild oscillations in two areas that correspond to the transitions: the 
first happens when the flume channel overflows and the “overbank” flow begins; and the second 
happens when the overflow ceases and the entire discharge flows through the lower channel. 
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This is indication that the model cannot properly handle this transition. It should be noted that 
the oscillation is mild for all hydrographs and it takes less than 8 minutes to stabilize. The 
smallest stage oscillation is found in hydrograph X1-DT360. 
 
 
Figure 5.19 Case 2: Discharge (Q) at downstream cross section: measured Q, and results from 
HEC-RAS models at different space discretization/time step combinations (X4-DT180, X13-
DT60, X1-DT180, and X1-DT360) 
 
 In relation to the peak discharge, hydrographs X13-DT60 and X4-DT180 
accuratelyreproduce the measured peak discharge of 13.90 cfs. Hydrographs X4-DT180, X1-
DT180, and X13-DT60 fit the measured discharge hydrograph well except at the water depth 
transitions where a mild discharge oscillation is present. In summary, stage and discharge 
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hydrographs for 53 ft spatial discretization and 60 seconds time step (X13-DT60) as modeled 
with HEC-RAS yields results close to the measured hydrographs. 
 
 5.2.4 FEQ and HEC-RAS Hydrographs Comparison 
 The comparison of results of both models was based on the observation of the relative 
variation of the water stage and discharge at each of the four spatial discretization-time step 
combinations.  
  5.2.4.1 Number of segments=4, time step=180 (X4-DT180) 
 The first combination is the comparison of the stage and discharge hydrographs X4-
DT180 as shown in Figures 5.20 and 5.21, respectively. 
 
Figure 5.20 Case 2: Water surface elevation at upstream cross section: measured W.S.E; and 
FEQ & HEC-RAS results for a space discretization X4 and time step DT180 
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 Figure 5.20 shows that the results of the FEQ model match the measured stages at the 
rising limb of the hydrograph slightly better than the HEC-RAS model results. Both models 
result in lower peak stages compared to the measured peak stage, which is 1.901 ft. FEQ had the 
lowest peak stage, 1.870 ft. The time to peak of both models is close to the measured peak stage 
time (102 minutes). For HEC-RAS, the time to peak was 100 minutes, and for FEQ, the time to 
peak was 101 minutes. The peak stage is better represented by HEC-RAS. 
 At the falling limb of the stage hydrograph, the FEQ model shows a breaking point which 
makes the curve depart from the measured stage values. Based on the above consideration, the 
HEC-RAS model outperforms FEQ in modeling water stage for the X4-DT180 combination. 
 
Figure 5.21 Case 2: Discharge (Q) at upstream cross section: measured Q; and FEQ & HEC-
RAS results for a space discretization X4 and time step DT180 
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 Observing the discharge hydrographs plotted in Figure 5.21, both FEQ and HEC-RAS 
discharge hydrographs emulate the measured discharges fairly well, except when transitioning 
from channel to overbank and back. At the rising limb, HEC-RAS performs better than FEQ. 
The expected oscillations are mild in HEC-RAS. Differently, the FEQ model presents sharp 
discharge oscillations lasting several minutes before stabilizing. 
 In relation to the peak discharge duration time, FEQ has a peak at time 102 minutes, with 
13.98 cfs peak flow; and HEC-RAS has a peak time at 102 minutes, with 13.83 cfs peak flow; 
while the measured peak discharge occurs at 102 minutes. The magnitude of the peak discharge 
is well represented by FEQ. In reference to hydrograph X4-DT180, HEC-RAS has small 
oscillations at the rising and falling limbs; while the FEQ is more accurate in representing the 
peak discharge. 
  5.2.4.2 Number of segments=13, time step=60 (X13-DT60) 
 The second combination is of the stage and discharge hydrographs for X13-DT60, which 
is shown in Figures 5.22 and 5.23, respectively. Figure 5.22 shows that the results of the HEC-
RAS model provide a good match with the measured hydrograph at the rising limb. Both models 
compute results well up to the stage in which the lower channel of the flume is full. When the 
overbank flow starts, the FEQ hydrograph deviates away from the measured hydrograph with 
lower stage values. 
 Compared to the measured peak stage which is 1.901 ft, both models have lower peak 
stages, with FEQ having the lowest stage, at 1.870 ft. The time to peak of both models is slightly 
higher than the measured time to peak (101 minutes): 103 minutes for both HEC-RAS and FEQ. 
HEC-RAS interprets the peak stage at this combination better than FEQ. 
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Figure 5.22 Case 2: Water surface elevation at upstream cross section: measured W.S.E; and 
FEQ & HEC-RAS results for a space discretization X13 and time step DT60 
 
 At the falling limb of the stage hydrograph, the FEQ model shows a breaking point at 
duration 171 minutes in which the curve departs from the measured stage values. Based on this, 
the HEC-RAS model gives better results. 
 Observing the discharge hydrographs plotted in Figure 5.23, both FEQ and HEC-RAS 
discharge hydrographs simulate the measured discharges well, except at the channel/overbank 
transitions. At the rising limb, HEC-RAS performs better than FEQ. The expected oscillation in 
the rising limb of the discharge hydrograph is not as abrupt for HEC-RAS. Differently, the FEQ 
model presents a drastic discharge oscillation.  
 In relation to the peak discharge duration time, the FEQ model has its peak at 104 
minutes with 13.97 cfs peak discharge; likewise, the HEC-RAS model also shows a peak 
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discharge (13.91 cfs) at 104 minutes. The measured peak is reached at 103 minutes; which is 
very similar to that of the models. The magnitude of the peak discharge is well represented by 
the HEC-RAS model.  
 
Figure 5.23 Case 2: Discharge (Q) at upstream cross section: measured Q; and FEQ & HEC-
RAS results for a space discretization X13 and time step DT60 
 
 Similar to the behavior shown at the rising limb, the FEQ model discharges go through 
oscillations at the transition of the overflow to the lower channel. Differently, the HEC-RAS 
model shows smaller oscillations at the falling limb. In summary, the HEC-RAS model 
reproduces the measured discharges for the X13-DT60 combination better than the FEQ model. 
  5.2.4.3 Number of segments=1, time step-180 (X1-DT180) 
 The third combination is the comparison of the stage and discharge hydrographs for X1-
DT180, which is shown in Figures 5.24 and 5.25, respectively. 
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Figure 5.24 Case 2: Water surface elevation at upstream cross section: measured W.S.E; and 
FEQ & HEC-RAS results for a space discretization X1 and time step DT180 
 
 Figure 5.24 shows that the results of the HEC-RAS model match the measured stages at 
the rising limb of the hydrograph better than the results of the FEQ model. Compared to the 
measured peak stage, 1.901 ft, both models have lower peak stages, with FEQ having the lowest, 
at 1.871 ft. The time to peak of both models is equal to the measured time, 102 minutes. 
However, the HEC-RAS model exerts a peak stage closer to the actual peak stage. At the falling 
limb of the stage hydrograph, the FEQ model shows a breaking point, which is non-existing in 
the measured hydrograph. The HEC-RAS model fits the measured hydrograph better than the 
FEQ model. 
 Observing the discharge hydrographs plotted in Figure 5.25, both FEQ and HEC-RAS 
discharge hydrographs simulate the measured discharges well, except at the channel/overbank 
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transitions. At the rising limb, as shown in the other combinations, HEC-RAS performs better 
than FEQ. The expected discharge oscillations are mild in HEC-RAS. Differently, the FEQ 
model presents sharp oscillations. 
 
Figure 5.25 Case2: Discharge (Q) at upstream cross section: measured Q; and FEQ & HEC-RAS 
results for a space discretization of X1 and time step DT180 
 
 In relation to the peak discharge duration time, both models reach the peak discharge at 
102 minutes, which is similar to the measured peak duration of 103 minutes. The peak discharge 
for FEQ is 13.96 cfs, and the peak discharge for HEC-RAS is 13.87 cfs. The HEC-RAS peak 
discharge is closer to the measured peak discharge than that of FEQ. 
 The discharge oscillation at the falling limb persists for FEQ, while that of HEC-RAS is 
not abrupt. In reference to hydrograph X1-DT180, both models perform very close to each other; 
except at the transition, where the FEQ model shows to be inconsistent. 
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  5.2.4.4 Number of segments=1, time step=360 (X1-DT360) 
 The fourth combination is the comparison of the stage and discharge hydrographs for X1-
DT360, which is shown in Figures 5.26 and 5.27, respectively. 
 
Figure 5.26 Case 2: Water surface elevation at upstream cross section: measured W.S.E; and 
FEQ & HEC-RAS results for a space discretization X1 and time step DT360 
 
 As seen on Figure 5.26, the results of the FEQ model are a better match with the 
measured hydrograph at the rising limb, starting at around t=50 minutes. Compared with the 
measured peak stage of 1.901 ft, both models result in lower stages; with FEQ having the lowest, 
at 1.870 ft. The time to peak of both models is 96 minutes, which is lower than the measured 
time (102 minutes). HEC-RAS interprets the peak stage better than FEQ. At the falling limb of 
the stage hydrograph, the FEQ model invariably shows a breaking point. The HEC-RAS stage 
hydrograph has better results, in relation to the shape of the measured hydrograph. 
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Figure 5.27 Case 2: Discharge (Q) at upstream cross section: measured Q; and FEQ & HEC-
RAS results for a space discretization of X1 and time step DT360 
 
 Observing the discharge hydrographs plotted in Figure 5.27, both FEQ and HEC-RAS 
simulate the measured discharge hydrograph well, with the exception of the transitions. At the 
rising limb, HEC-RAS performs much better due to the milder discharge oscillation at the 
transition. 
 In relation to the peak discharge duration time, both models reach the peak at 102 
minutes, exactly as the measured hydrograph peak time. The peak discharge for HEC-RAS is 
13.63 cfs, and for FEQ, 13.92 cfs. The magnitude of the peak discharge is better represented by 
FEQ. 
 For hydrograph X1-DT360, HEC-RAS has the smallest oscillations at the rising and 
falling limbs; while the FEQ model is more accurate in representing the peak discharge. 
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 5.2.5 Summary 
 Both models compute peak values smaller than the measured peaks; however, HEC-RAS 
yields results closest to the measured stages. For time to peak, the FEQ models yield the closest 
time, except at hydrograph X1-DT360. The peak discharge was reproduced well by both models, 
with FEQ being slightly better. Peaking time was also good for both models. Among the 
analyzed spatial discretization-time step combinations, for both the FEQ and HEC-RAS models, 
the combination X13-DT60 reproduced better results. The major disadvantage of FEQ is the 
drastic oscillation of the discharge in the transition from the lower channel to the overbank, and 
vice-versa. Also, a break point in the falling limb of the hydrograph also puts FEQ at a 
disadvantage. In this model, HEC-RAS shows to be a better model than FEQ considering mainly 
the discharge oscillation at the transitions. 
 Table 5.3 summarizes comparison of the performance of both models in the Treske flume 
and the data used. The model that performs best at each parameter is marked with an asterisk (*). 
Table 5.3: Qualitative Qualification 
(Case 2: Treske Data Set) 
Hydrograph 
Type 
Combination 
Notation 
Spatial 
Discretization Time 
Step, 
[s] 
FEQ HEC-RAS 
dx [ft] Notation Rising Peak Falling Rising Peak Falling 
Stage 
X4-180 172.25 X4 180 *    * * 
X13-60 53 X13 60    * * * 
X1-180 689 X1 180    * * * 
X1-360 689 X1 360 *    * * 
Discharge 
X4-180 172.25 X4 180  * * *   
X13-60 53 X13 60    * * * 
X1-180 689 X1 180    * * * 
X1-360 689 X1 360  *  *  * 
 
 Bar graphs were developed for the peak discharges and the peak stages, along with their 
corresponding duration of occurrence for all four spatial discretization-time step combinations. 
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Figures 5.28, 5.29, 5.30, and 5.31 show the four graphs: two for the peak stage and discharge as 
per FEQ and two as per HEC-RAS. The variation of the modeled peaks (stage and discharge) in 
relation to the measured peaks is visualized in these graphs. 
 
Figure 5.28 Peak stage and time to peak computed by FEQ for spatial discretization (X) and time 
step (DT) combinations of X=4 DT=180, X=13 DT=60, X=1 DT=180, and X=1 DT=360; and 
measured peak stage and time to peak  
 
 
Figure 5.29 Peak discharge and time to peak computed by FEQ for spatial discretization (X) and 
time step (DT) combinations of X=4 DT=180, X=13 DT=60, X=1 DT=180, and X=1 DT=360; 
and measured peak discharge and time to peak 
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Figure 5.30 Peak stage and time to peak computed by HEC-RAS for spatial discretization (X) 
and time step (DT) combinations of X=4 DT=180, X=13 DT=60, X=1 DT=180, and X=1 
DT=360; and measured peak stage and time to peak  
 
 
Figure 5.31 Peak discharge and time to peak computed by HEC-RAS for spatial discretization (X) 
and time step (DT) combinations of X=4 DT=180, X=13 DT=60, X=1 DT=180, and X=1 
DT=360; and measured peak discharge and time to peak 
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5.3 Case 3: Sacramento River Model 
 5.3.1 Introduction 
 For the third case, a segment of Sacramento River of 10.8 miles was modeled using cross 
section geometry derived from stage and area tables published by Schaffranek and others (1981). 
Two cross sections were created: one at the downstream end of the reach, and the other at the 
upstream end of the reach. In the models, a third cross section was interpolated between the two. 
• Computation interval (time step): As with the previous two cases, the time step will be 
equal to or less than the time of rise of the hydrograph divided by 20. Under this 
restriction, the time step should be around 15 minutes (300/20). This is the time step to be 
used in the analysis. 
• Spatial discretization: Modeling is made for the spatial discretization of 28,512 ft that 
divides the modeled river reach in two segments. 
• Manning's roughness: The Manning’s roughness coefficient to be used was also 
obtained from the work of Schaffranek and others (1981); and it is 0.02623. 
• Hydrograph Duration: The duration of the modeled hydrographs was 465 minutes; 
which is the same as the duration of the measured discharge data at the upstream end of 
the model. 
• Boundary Conditions: Both upstream and downstream boundary conditions are stage 
hydrographs. Since neither model can start running with two stages boundaries, 
mathematical artifices were used to make the models run. 
 The following discussion starts with an evaluation of the results of each individual model. 
Then, the performance of both models relative to each other is presented. The discussion ends 
with a summary of the relevant findings. 
  5.3.2 Characteristics of the Measured Hydrographs
 The measured hydrograph at the upst
of 6,083 cfs at a time of 44 minutes
initial flow is 6,356 cfs and the flow at end 
minutes (6 hours). It can also be 
will be about 6,100 cfs. The hydrograph also reflects rainfall events in the river watershed that 
increased the discharge at times 134, 284
Figure 5.32 Case 3: Measured Upstream Stage & Discharge Hydrographs; Measured 
Downstream Stage Hydrograph
 The measured downstream stage hydrograph plotted in Figure 5.
indicated by Schaffranek, with 2.66 
tide at time 435 minutes; yielding a tidal range of 0.81 ft.
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ream end of the river reach shows a low
; and a peak flow of 8,803 cfs at a time of 404 minutes. The 
is 8,703 cfs. The estimated lag time is about
assumed that the river base flow at the beginning of the duration 
, and 389 minutes (see Figure 5.32). 
, see Figure 4.3 
 
32 reflects tidal effect
ft of high tide at time 90 minutes; and with 1.85 ft of low 
 
 discharge 
 360 
 
s 
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 At the upstream, the measured stage hydrograph also plotted in Figure 5.32, shows that 
the duration does not cover an entire tidal cycle. The reflected high tide reaches a stage of 2.92 ft 
for 30 min from time 135 to 165 minutes. 
 Having described the peculiarities of the measured data as plotted in the hydrographs, a 
discussion of the results of the simulation made with FEQ and HEC-RAS using the stage data of 
the downstream and the upstream as boundary conditions follows.  
 
 5.3.3 FEQ Model 
 The FEQ model was run for the spatial discretization-time step indicated above. Since the 
model boundary conditions were stage hydrographs at the downstream and the upstream ends, 
the model yielded discharge values for each time step, being the discharge values of the upstream 
end those that can be evaluated in relation to the measured discharge values. The results are 
included in Appendix H. Discharge hydrographs for the upstream cross section were plotted to 
compare them with the measured hydrographs as shown in Figure 5.33. 
• Shape of Hydrograph: The contour of the discharge hydrograph modeled by FEQ is not 
uniform. It presents oscillations all along the duration of the model. The discharge 
fluctuates up and down. However, the hydrograph curve still seems to follow the 
measured hydrograph pattern. 
• Discharge at start of simulation: The FEQ model yielded a high discharge value at the 
start time (duration zero). While the measured discharge was 6,356 cfs, the model results 
in a discharge of 6,828 cfs, which is 7.4 % higher than the measured data. 
 • Peak discharge: The peak discharge
8,807 cfs, against a measured discharge of 8,803 cfs. The time to peak of the model and 
measured are also close: 405 minutes for the model and 404
• Discharge at end of simulation: 
duration, while the measured discharge at the end is 8,703 cfs, which is just 1.5 % higher.
 In summary, FEQ has difficulties simulating
values at the upstream of the river reach modeled.
Figure 5.33 Case 3: Discharge (Q) at the upstream cross section: Measured Q; results from FEQ 
 5.3.4 HEC-RAS 
 The results of the HEC-RAS model
the light of the measured discharges; being the comparable di
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 minutes for the measured.
FEQ gives a discharge of 8,716 cfs the end of 
 the behavior of the measured discharge 
 
and HEC-RAS models 
 
 for the upstream discharges were also evaluated in 
scharge values those of the 
k is 
 
the 
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upstream end. The results are included in Appendix I. Discharge hydrographs for the upstream 
cross section were plotted to compare them with the measured hydrographs and the FEQ model 
as shown in Figure 5.33. 
• Shape of Hydrograph: The shape of the discharge hydrograph modeled by HEC-RAS is 
virtually uniform, with little oscillations, except at the very beginning. However, the 
modeled hydrograph diverges consistently from the measured discharges values, with 
lower values, starting at time 285 minutes, towards the end. 
• Discharge at start of simulation: The value of the discharge simulated by HEC-RAS 
significantly deviates from the measured value. HEC-RAS shows a discharge of 4,889 cfs 
at the beginning of the run; which is 23 % lower than the measured discharge. This is 
results from a large oscillation that occurs at the first 30 minutes of the hydrograph 
duration. 
• Peak discharge: The peak discharge is displaced to a lower value, 8,585 cfs, as 
compared to 8,803 cfs in the measured hydrograph, 2.5 % lower than the measured peak 
discharge. The time to peak is also displaced 21 minutes: 420 minutes for the model and 
404 minutes for the measured data. 
• Discharge at end of simulation: HEC-RAS shows a discharge of 8,472 cfs the end of 
the duration, while the measured discharge is 8,703 cfs, which is just 2.7 % lower than 
the measured discharge. Though the shape and slopes of the modeled hydrograph with 
HEC-RAS is consistent with the measured hydrograph, the discharge values are almost 
all below the measured discharge values. 
 
 
89 
 
 5.3.5 Comparison of FEQ and HEC-RAS hydrographs 
 The shape of the FEQ-modeled discharge hydrograph shows oscillations all along the 
hydrograph duration; while that of the HEC-RAS-modeled hydrograph is more uniform and has 
fewer oscillations. Both models work well for a duration period of 375 minutes, from times 60 
and 435 minutes. The FEQ model yields an initial discharge 9.3 % higher than the measured 
discharge. On the other hand, the HEC-RAS model yields a discharge value 23 % lower than the 
measured discharge. In general, both models yield oscillating discharge values at durations 
below 60 minutes: HEC-RAS towards lower discharge values and FEQ towards higher values. 
FEQ may be more accurate during this time period. 
 In relation to the peak discharge, the FEQ model is the one that better reproduced the 
peak discharge. The peak discharge, as simulated by HEC-RAS is 2.5 % lower than the 
measured discharge. The time to peak at the FEQ simulation is 405 minutes very similar to the 
measured time; while the peaking time in the HEC-RAS simulation is 420 minutes. FEQ is 
advantageous in simulating the peak discharge. 
 Both hydrographs show discharge deviations at the end of the simulation. FEQ deviates 
1.5% above the measured value and HEC-RAS deviates 2.7 % below the measured value. 
Overall, neither model can simulate the measured discharges at the upstream cross section well; 
however, the FEQ model yields the better approximation. 
  5.3.5.1 Verification of results against a model with a different spatial 
discretization 
 To better understand model sensitivities, the simulation was extended to another spatial 
discretization, this time for a spatial step of  5,702.4 ft, and a total of 10 segments in the reach 
(X=10), the time step will be kept at 15 minutes. The results are included in Appendixes H and I 
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for FEQ and HEC-RAS, respectively. A graphic representation of these runs is shown in Figure 
5.34. 
 
 
Figure 5.34 Case 3: Discharge (Q) at the upstream cross section: Measured Q; results from FEQ 
and HEC-RAS models for a space discretization of ten segments, X10 
 
 The pattern of hydrograph X10 is very similar to that of the original hydrograph. The 
magnitude of the discharges are closer to the measured discharges for X10, as it can be seen in 
Table 5.4; however no major changes are seen that would require the above conclusions be 
modified. In the following Table, X2 represents the original model simulations with a spatial 
discretization of two segments in the reach. Note that for both simulations, the time step remains 
unchanged (dt=900 s). 
 
5000
5500
6000
6500
7000
7500
8000
8500
9000
0 100 200 300 400 500
Q
 (
cf
s)
t (min)
Measured Q
FEQ, X10
HEC-RAS, X10
91 
 
 
Table 5.4: Discharge at the Upstream, cfs 
(Case 3: Sacramento River) 
Notation 
FEQ RAS 
At 
start 
[cfs] 
Peak At 
end 
[cfs] 
At 
start 
[cfs] 
Peak At 
end 
[cfs] 
Discharge 
[cfs] 
Duration 
[min] 
Discharge 
[cfs] 
Duration 
[min] 
X2 
           
6,828  
           
8,807  
            
405  
           
8,716  
           
4,889  
           
8,585  
            
420  
           
8,472  
X10 
           
6,304  
           
8,382  
            
450  
           
8,382  
           
5,310  
           
8,541  
            
375  
           
8,424  
Measured 
           
6,356  
           
8,803 
            
404  8,703 
           
6,356  
           
8,803 
            
404  8,703 
 
 The bar graphs for the peak discharges, along with their corresponding duration of 
occurrence for the two spatial discretizations are shown in Figures 5.35 and 5.36. One graph 
shows the peak discharge as per FEQ and the other as per HEC-RAS. To wrap up the discussion 
of the results, it can be stated that the HEC-RAS model, could handle better the simulation 
utilizing the Sacramento River dataset. The following table includes a summary of the qualitative 
qualification given to the simulations. 
Table 5.5: Comparative Qualitative Qualification 
(Case 3: Sacramento River) 
Spatial 
Discretization 
FEQ HEC-RAS 
Low 
Discharge 
Oscillation 
Discharge 
Low 
Discharge 
Oscillation 
Discharge 
Discrete 
Segment 
Length 
[ft] 
Notation At 
start Peak 
Ant 
End 
At 
start Peak 
Ant 
End 
28,512  X2   * *   *     * 
5,702.4  X10   *     *   * * 
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Figure 5.35 Case 3: Starting discharge, Peak discharge, Ending discharge, and time to peak 
computed by FEQ for spatial discretizations of X=2 and X=10; and the corresponding measured 
values 
 
 
Figure 5.36 Case 3: Starting discharge, Peak discharge, Ending discharge, and time to peak 
computed by HEC-RAS for spatial discretizations of X=2 and X=10; and the corresponding 
measured values 
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5.4 General Discussion 
 5.4.1 Total error/deviation, accuracy of results 
 In the discussion, the quantitative accuracy of the models was not tested individually. 
Instead, the focus was set on parameters like the shape of the hydrographs, peak flows & stages, 
and times to peak. However, a quantitative study of the error or deviation that the results from 
the models may present is warranted. The total error in the models was computed as 
 = 	 − , 
where the values of flow or stage at all the measured points are subtracted from the 
corresponding simulated values obtained from the model outputs. Table 5.6 presents a summary 
of the computation of error for all three cases. 
Table 5.6: Summary of Computation Error for Cases 1, 2, 3 
Case Notation dx [ft] 
dt 
[s] 
Error in Upstream 
W.S.E. 
Error in 
Downstream 
Discharge 
FEQ HEC-RAS FEQ 
HEC-
RAS 
1: COE Dam 
Break 
X1 125 1 0.015 0.015 9.445 7.451 
X5 25 1 0.026 0.030 1.630 1.660 
X25 5 1 0.025 0.030 0.810 1.344 
2: Treske 
Overbank 
Flume 
X4-DT180 172.3 180 0.049 0.034 3.219 3.275 
X13-DT60 53 60 0.033 0.011 3.421 1.515 
X1-DT180 689 180 0.050 0.031 3.455 3.265 
X1-DT360 689 360 0.127 0.120 6.177 6.021 
Case Notation dx [ft] 
dt 
[s] 
Error in Upstream 
Discharge 
  
  
FEQ HEC-RAS 
  
3: Sacramento 
River 
X2 28,512 900 1274957 4212361 
  
X10 5,702.4 900 988352 2317464 
  
 
 Table 5.7 provides a summary of the overall accuracy of each model for the different 
cases and scenarios. 
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Table 5.7: Overall Accuracy Qualification of FEQ and HEC-RAS for 
Cases 1, 2, 3 
Case Notation dx [ft] 
dt 
[s] 
dt/dx 
[s/ft] 
Accuracy 
FEQ 
HEC-
RAS 
1: COE Dam 
Break 
X1 125 1 0.01 
 
* 
X5 25 1 0.04 * 
 
X25 5 1 0.20 * 
 
2: Treske 
Overbank Flume 
X4-DT180 172.3 180 1.04 
 
* 
X13-DT60 53 60 1.13 
 
* 
X1-DT180 689 180 0.26 
 
* 
X1-DT360 689 360 0.52 
 
* 
3: Sacramento 
River 
X2 28512 900 0.03 * 
 
X10 5702 900 0.16 
 
* 
  
 For Table 5.7, a new term was introduced: the ratio of time step to spatial step. This ratio 
forms part of the equation for the dimensionless Courant number: 
 = 


  , 
where C is the Courant number, V is the velocity, and Δt and Δx are the time and spatial steps, 
respectively. Noting that the velocity of the flow is not constant, and varies with space and time, 
the time and spatial steps are singled out from the above equation to have an idea of how the 
Courant number varies within the different scenarios at the different cases. 
 Different trends can be noticed from the Cases shown in Table 5.7. From Case 1, as was 
discussed in Section 5.1, it is seen that, by maintaining a fixed time step and increasing the 
spatial step (thereby increasing the courant number), the results of the model would seem to be 
more accurate. Table 5.6 shows that this is the case for the computation of the downstream 
discharge. However, for the computation of the upstream stage, the total error increases as the 
spatial step decreases from 125 ft to 25 ft. By lowering the spatial step from 25 ft to 5 ft, the 
error is reduced, although it seems to be higher than the error obtained at a spatial step of 125 ft. 
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For Case 1, FEQ computes values of discharge and stage with more accuracy than HEC-RAS for 
smaller spatial steps (X25 and X5). Coupled with the discussion in Section 5.1, which looked at 
peak flow, time to peak and overall shape of the hydrograph, the accuracy of the FEQ results 
exceeds that of HEC-RAS when computing discharges in models X5 and X25.  
 From Case 2, discussed in Section 5.2, it was determined that HEC-RAS was the more 
appropriate model to use when computing bankfull flow, as it outperformed FEQ when the flow 
in the channel transitioned to the overbank. This is further evidenced in table 5.7, where HEC-
RAS shows to be more accurate than FEQ for all of the model runs. Interestingly, as the Courant 
number decreases in this model, the total error for both models increases (see Table 5.6). The 
most accurate model in this case, for computing both discharge and stage was X13-DT60, with a 
spatial step of 53 ft and a time step of 60 seconds. 
 Case 3 is in many ways different from the previous two cases. Cases 1 and 2 are taken 
from laboratory measurements, but Case 3 uses field measurements. Conversely, Cases 1 and 2 
both impose discharge hydrographs as the upstream boundary condition, whereas Case 3 
imposes a stage hydrograph. Also, the distances and times in Case 3 are significantly larger than 
those in Cases 1 and 2. From the discussion in section 5.3, it was seen that both FEQ and HEC-
RAS would not compute the discharge in the upstream cross section accurately during the first 
minutes of the simulation, showing an oscillatory behavior. By quantifying these oscillations and 
calculating the total error, we can see that as the Courant number increases, the total error seems 
to decrease. However, comparing with Case 1, where the results from an FEQ simulation were 
more accurate as the Courant number increased, in Case 3, the results from the HEC-RAS model 
show more accuracy as the spatial step decreases and the Courant number increases.  
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 As can be seen in both Tables 5.6 and 5.7, the accuracy of the models highly depends on 
the type of case being modeled. The conclusions that can be drawn from this quantitative 
analysis of model accuracy agree with those drawn from the discussion in the three previous 
sections.  
 
 5.4.2 Computation Time 
 The time the process takes place in the computer may be insignificant for the analyzed 
data, which lasts fractions of seconds, but it may be of interest in more complex models 
structured with real hydrological data being routed through real water conduits such as rivers in 
real time. However, the process time herein excerpted from the computer runs provides a 
reasonable look at the relative computation time between these two models. And the difference is 
large; with computation times fluctuating from as low as 280 % to 1,600 % favoring the FEQ 
model. Table 5.8 summarizes the computation times for both FEQ and HEC-RAS at all 
simulations.  
 Notice that the computation times compared in this table only include the time that each 
model took to perform unsteady flow computations. They do not include the time taken to 
preprocess cross section geometries and post-process results and output. 
 From Table 5.8, it is seen that FEQ manages to perform the unsteady flow computations 
an average of 9.36 times faster than HEC-RAS, proving that the model does indeed perform 
faster. These computation times are small, however, and the differences may not be noticed by a 
modeler when running small models. To add some perspective, the Sacramento River model was 
expanded by interpolating additional cross sections (for a total segment number X=10) and 
reducing the time step to dt=1 second. The computation times for this run were: 6.25 seconds for 
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FEQ and 11.80 seconds for HEC-RAS. As can be seen from this model, at X=2, DT=900 FEQ 
computed 16 times faster than HEC-RAS; but at X=10, DT=1, FEQ computed less than 2 times 
faster than HEC-RAS. Even though these relative differences in computation time seem to be 
reduced as the model size increases, FEQ still outperforms HEC-RAS. 
Table 5.8: Unsteady Flow Computation Process Time for all 
three cases for FEQ and HEC-RAS 
Description 
Computation 
Time [s] 
Case 
x [# of 
segments] dt [s] FEQ 
HEC-
RAS 
1: COE Dam 
Break 
1 1 0.03 0.25 
5 1 0.04 0.27 
25 1 0.1 1.3 
2: Treske 
Overbank 
Flume 
1 360 0.01 0.13 
1 180 0.02 0.14 
4 180 0.02 0.16 
13 60 0.1 0.28 
3: Sacramento 
River 
2 900 0.01 0.16 
10 900 0.03 1.81 
 
 It is important to notice, however, that these computation times only include part of the 
process of running a hydraulic model. The entire process is carried out by three main 
components: pre-processing, processing, and post-processing. During the pre-process, the 
models take the cross section geometry of the channel and convert them into hydraulic tables, 
which are then used to perform unsteady flow computations (processing). After the computations 
are concluded, the information must be stored in either text or tables, as well as reproduced as 
graphs, curves, tables, etc., which is called post-processing. 
 FEQ does not carry out pre- or post-processing routines. Therefore, the only parameter 
available for direct comparison with HEC-RAS is the time of unsteady flow computations. For 
pre-processing of the models, the utility tool FEQUTL converts cross section geometry to 
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hydraulic tables (see Section 3.3.3). This process is independent of the FEQ model, which means 
that a separate input file needs to be developed to be run through FEQUTL. The processing 
(unsteady flow computations) is then performed by FEQ. For post-processing, there are utilities 
developed by the USGS that take the FEQ output data and plots it in graphs. These utilities are 
independent of FEQ, which means that they must be run separate from FEQ itself. For the three 
scenarios modeled (COE Dam Break, Treske Overbank, and Sacramento River), the pre-
processing was done with FEQUTL, and the post-processing was completed through the use of 
Python scripts (see Section 4.2.1). 
 With regard to the pre- and post-processing, HEC-RAS carries out all functions in one 
single run. Though computation times are noticeably slower than those of FEQ, for smaller 
models, such as the ones modeled in this report, the total time to perform a "run" in HEC-RAS is 
significantly shortened, as all three functions (pre-processing, processing, and post-processing) 
are carried out continuously; while for FEQ, three different programs need to be run to perform 
all of the computations. 
 In summary, FEQ carries out the unsteady flow computations much faster than HEC-
RAS; this is useful for very large models, in which the computation times can be cut down by 
half, making FEQ the most convenient model to use. For small models, especially those that do 
not have a high computation time, the amount of time needed to run three different programs 
(FEQUTL, FEQ, and a post-processing tool) makes the entire modeling process longer. 
 
 5.4.3 Complexity in Building a Model 
 Since FEQ was developed in the seventies, and considering the computational 
programming level at the time, building a simulation model with FEQ, this is to say inputting 
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data was performed by skilled personnel; such as engineers with deep knowledge of open 
channels hydraulics and programming, as well. Building an input file in FEQ is a complex task, 
and a new user will find it hard to develop an open channel model. Though FEQ documentation 
is detailed, and tools such as FEQinput can help the modeler check if an input file is well written, 
the skills needed in order to build an input file require good open channel hydraulics knowledge. 
At the very minimum, a modeler should be familiar with academic and research terms used in 
the hydraulic engineering circles. 
 On the other hand, the data input in HEC-RAS, which came to light in a period of large 
advancements in programming and visual software development, is immensely easier. The 
undeniable advantage of the HEC-RAS is its visual input and output interface. This visual 
interface, along with being user-friendly, provides graphic representations of the geometric data 
so that any abnormalities may be easily recognized. The output can provide tabulated results in 
several options, as well as, graphic representations of the water surface elevations and other 
hydraulic parameters.  
 Citing engineers who have used both models: "HEC-RAS is so easy that any high school 
student can build a hydraulic model." Whether this serves as a compliment or as criticism to 
HEC-RAS depends widely on who is using the model, and for what purpose. 
 5.4.4 Common Aspects across Cases 
 Observations were made to find common denominators between FEQ and HEC-RAS 
while modeling the three cases. Both models proved to be applicable to simulate measurable 
stage and discharge values at all three cases; with each showing a particular grade of success. In 
relation to the shape of the hydrographs, both models yield hydrographs that closely resemble the 
measured hydrograph. In terms of peak discharge, they both get close to the measured peak 
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depending on the spatial discretization and the time step adopted. The same can be said about the 
time to reach the peak, for both peak stage and peak discharge. 
 Two possible common aspects that will need further verification were found. The first 
aspect is the models performance at the transition from the channel flow to overbank and vice 
versa. Though Cases 1 and 3 do not include this type of transition, based on the results of Case 2, 
it can preliminarily be understood that both models will struggle with oscillations of discharge at 
this type of transition, FEQ more than HEC-RAS. The second aspect is the chance that both 
models would yield oscillating discharge values at the beginning of the duration for cases when 
the boundary conditions consist only of stage hydrographs at the downstream and upstream 
boundaries. Therefore, both models work best when a flow hydrograph is imposed.  
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
 
6.1 Summary 
 The two models were tested in three different conveyance environments and for three 
different discharge conditions which are named in this report as Cases 1, 2 and 3. 
 In Case 1, which is the application of a laboratory dam break hydrograph with the 
resulting mass of water flowing within the banks of the channel, the model that best simulates 
the measured data is the FEQ model. The best spatial discretizations for simulating stage and 
discharge were X5 (reach of 5 segments with a spatial step of 25 ft) and X25 (reach of 25 
segments with a spatial step of 5 ft), both for a time step of 1 second. HEC-RAS showed to be a 
better model only for a particular spatial discretization (125 ft), which is a one-segment model 
(X1), simulated using only two cross sections. 
 The modeling of overbank flow, specifically water transitioning from the channel to the 
overbank and vice versa as presented in Case 2, has demonstrated that the model that better 
simulates the measured data is HEC-RAS. The best spatial discretization-time step combination 
is X13-DT60, this is to say a 53-ft spatial discretization and a one-minute time step. On the other 
hand, the FEQ model did not simulate the channel/overbank transitions well, simulated discharge 
values substantially oscillate at the transitions. 
 Case 3 included real data from the Sacramento River and water flowing within the 
constraints of the banks of a synthetic channel, and against water stage affected by tidal levels. 
The model that better simulates the measured data in the Sacramento River data is the HEC-RAS 
model. The best spatial discretization for simulating stage and discharge is X10, which is to say a 
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5,702.4 ft. spatial discretization and a time step of 15 minutes. On the other hand, the major FEQ 
disadvantage is the oscillating nature of its discharge hydrograph all along the duration of the 
hydrograph. 
 The FEQ model demonstrated to have the virtue of simulating the dam break hydrograph 
well, better that HEC-RAS; while HEC-RAS was much better for channel to overbank flow 
transitions; and slightly better when the hydrograph encloses tidal effects. 
 As related to the time of computer processing, the FEQ model proved to be much faster 
than HEC-RAS, but the preparation of input data for FEQ is time consuming, as well as the post-
processing, i.e., generating results in tabulated forms. In terms of complexity in the use of the 
model, HEC-RAS is by far the easiest to use model due to its user-friendly visual input and 
output interface. And in general, both models reproduce the shapes of the stage and discharge 
measured hydrographs well, and obtain peak discharge values close to the measured values. 
 Based on results herein, it is anticipated that both models would yield oscillating 
discharge values when transitioning from channel to the overbank and vice versa, and also at the 
beginning of the hydrograph duration, when both the boundary conditions upstream and 
downstream are stage hydrographs. 
 Ideally, for users who want to model a simple stream system, recommendations are as 
follows:  
1.  The use of FEQ is recommended for any type of model that requires a discharge hydrograph 
as an upstream boundary condition, as long as the flow is constrained within what can be 
considered a channel (e.g. cases without overflow/bankfull flow) 
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2.  The use of HEC-RAS is recommended for cases that have drastic changes in the wetted 
perimeter, such as cases with overbank/bankfull flow. FEQ is not adequate for modeling flow 
in such cases. 
3.  Either model could be used for cases where there is no discharge hydrograph as a boundary 
condition, however, neither can be recommended as they result in oscillations resulting from 
their numerical equations.  
 
6.2 Conclusions 
1. Neither model has shown to be completely accurate in simulating stage and discharge in all 
three cases. 
2. The popular rule of thumb for the time step, equal to the time it takes the stage or the 
discharge to reach its peak value divided by 20, proved to be reasonable for computing an 
acceptable hydrograph. 
3. Spatial discretization is the main factor that affects the capability of the models to be accurate. 
Though no specific rules can be extracted, five (5) or more discrete segments in a reach 
proved to be the most effective. The Courant condition should be satisfied at all times.  
4. The FEQ model is clearly more accurate model when computing the effects of a dam break. 
5. The FEQ model should not be used when the discharge overflows the channel to form a 
floodplain. In cases such as this, wider floodplains will result in larger and longer oscillations 
in the discharge computations at the transition points. Likewise, wider floodplains will also 
result in larger deviations of the water stage values at the transition when the overbank flow 
ceases and the flow is once more constrained to within the channel. For cases such as this, 
HEC-RAS is recommended. 
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6. The time of process for the FEQ model is by far shorter than that of HEC-RAS. This can be of 
importance in large and complex modeling systems. 
7.  For smaller models with shorter computation times, the ability to perform pre- and post-
processing provided by HEC-RAS makes this the best model to use, in terms of time.  
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CHAPTER 7 
FUTURE WORK 
 
 Further research to complement the present analysis is recommended, as it would allow 
enhancements onto the programs and make them more accurate for simulating real stream flow 
systems. 
This future research should include: 
1. Additional comparative studies of cases that include hydraulic structures through extensive lab 
study.  
2. Visual enhancement of FEQ. Enhancement must include a user friendly visual interface, for 
both input and output data. 
3. Reformulation of the FEQ model program addressed to smoothing the oscillation in the 
transition from the channel to overbank flow and vice versa. 
4. Reformulation of the FEQ model program to smooth discharge oscillation all along the 
duration when the model boundary conditions at the upstream and the downstream end are 
stage hydrographs. 
5. Reformulation the HEC-RAS model to avoid oscillation at the beginning of the duration when 
the model boundary conditions at the upstream and the downstream are stage hydrographs. 
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APPENDIX A 
COE DAM BREAK MODEL, UPSTREAM DISCHARGE AND STAGE 
HYDROGRAPHS, DOWNSTREAM DISCHARGE AND STAGE HYDROGRAPHS 
 
 The following discharge and stage hydrographs were obtained from data provided by 
Janice Fulford, of the U.S. Geological Survey. Said data was originally measured by the U.S. 
Army Corps of Engineers. 
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Upstream Discharge Hydrograph 
t (s) Q (cfs) t (s) Q (cfs) t (s) Q (cfs) t (s) Q (cfs) 
0 3.096 45 4.0019 90 3.4208 135 3.2429 
1 3.3356 46 3.9232 91 3.4151 136 3.2349 
2 3.5751 47 3.8449 92 3.4151 137 3.2326 
3 3.8147 48 3.7881 93 3.4094 138 3.2246 
4 4.0542 49 3.7342 94 3.4037 139 3.2166 
5 4.8365 50 3.678 95 3.4037 140 3.2143 
6 4.9528 51 3.6723 96 3.398 141 3.2063 
7 5.0691 52 3.6666 97 3.3923 142 3.1984 
8 5.1466 53 3.6609 98 3.3865 143 3.1961 
9 5.2241 54 3.6551 99 3.3865 144 3.1881 
10 5.3015 55 3.6494 100 3.3808 145 3.1802 
11 5.162 56 3.6437 101 3.3694 146 3.1779 
12 5.0224 57 3.638 102 3.3637 147 3.17 
13 4.9968 58 3.6323 103 3.3523 148 3.1621 
14 4.9663 59 3.6266 104 3.3465 149 3.1598 
15 4.9542 60 3.6209 105 3.3351 150 3.1519 
16 4.9202 61 3.6151 106 3.3351 151 3.1519 
17 4.8834 62 3.6094 107 3.3351 152 3.1463 
18 4.8607 63 3.6037 108 3.3351 153 3.1463 
19 4.8352 64 3.598 109 3.3351 154 3.1463 
20 4.8126 65 3.5923 110 3.3351 155 3.1407 
21 4.7418 66 3.5866 111 3.3351 156 3.1407 
22 4.6711 67 3.5808 112 3.3351 157 3.1407 
23 4.6229 68 3.5751 113 3.3351 158 3.1351 
24 4.5776 69 3.5694 114 3.3351 159 3.1351 
25 4.5295 70 3.5637 115 3.3351 160 3.1351 
26 4.4762 71 3.5523 116 3.3351 161 3.1295 
27 4.4139 72 3.5408 117 3.3351 162 3.1295 
28 4.3532 73 3.5294 118 3.3351 163 3.1295 
29 4.3091 74 3.518 119 3.3351 164 3.124 
30 4.2617 75 3.5065 120 3.3351 165 3.124 
31 4.1849 76 3.5008 121 3.327 166 3.124 
32 4.1619 77 3.4894 122 3.3247 167 3.1184 
33 4.1277 78 3.4837 123 3.3166 168 3.1184 
34 4.0971 79 3.4723 124 3.3085 169 3.1184 
35 4.0631 80 3.4665 125 3.3061 170 3.1128 
36 4.057 81 3.4608 126 3.2981 171 3.1128 
37 4.0509 82 3.4551 127 3.29 172 3.1128 
38 4.0448 83 3.4551 128 3.2877 173 3.1072 
39 4.0386 84 3.4494 129 3.2796 174 3.1072 
40 4.0325 85 3.4437 130 3.2716 175 3.1072 
41 4.0264 86 3.438 131 3.2692 176 3.1016 
42 4.0203 87 3.4323 132 3.2612 177 3.1016 
43 4.0142 88 3.4323 133 3.2532 178 3.1016 
44 4.008 89 3.4265 134 3.2509 179 3.096 
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t (s) Q (cfs) t (s) Q (cfs) 
180 3.096 225 3.096 
181 3.096 226 3.096 
182 3.096 227 3.096 
183 3.096 228 3.096 
184 3.096 229 3.096 
185 3.096 230 3.096 
186 3.096 231 3.096 
187 3.096 232 3.096 
188 3.096 233 3.096 
189 3.096 234 3.096 
190 3.096 235 3.096 
191 3.096 236 3.096 
192 3.096 237 3.096 
193 3.096 238 3.096 
194 3.096 239 3.096 
195 3.096 240 3.096 
196 3.096 
197 3.096 
198 3.096 
199 3.096 
200 3.096 
201 3.096 
202 3.096 
203 3.096 
204 3.096 
205 3.096 
206 3.096 
207 3.096 
208 3.096 
209 3.096 
210 3.096 
211 3.096 
212 3.096 
213 3.096 
214 3.096 
215 3.096 
216 3.096 
217 3.096 
218 3.096 
219 3.096 
220 3.096 
221 3.096 
222 3.096 
223 3.096 
224 3.096 
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Upstream Stage Hydrograph 
Digitized from Fulford (1998) 
t (s) y(ft) t (s) y (ft) 
0.29 1.18479 138.17 1.20242 
4.08 1.18566 146.18 1.19755 
4.29 1.18694 154.58 1.19315 
4.39 1.1881 163.36 1.1907 
4.48 1.24349 172.14 1.18776 
5.06 1.25996 180.92 1.18482 
6.3 1.2786 190.46 1.18478 
7.54 1.29506 199.62 1.18523 
9.16 1.30788 208.78 1.18471 
9.92 1.31381 217.94 1.18468 
12.64 1.3178 226.72 1.18513 
14.55 1.32487 236.26 1.18509 
23.66 1.3249 
  27.48 1.31471 
  29.77 1.30308 
  30.3 1.29866 
  31.63 1.30011 
  34.73 1.29531 
  41.98 1.28754 
  47.71 1.27831 
  50 1.27431 
  54.58 1.27005 
  61.83 1.26276 
  69.47 1.25499 
  71.71 1.24995 
  74.81 1.24528 
  78.2 1.23909 
  81.3 1.23605 
  89.31 1.23021 
  97.33 1.22437 
  100.72 1.22163 
  104.2 1.21659 
  105.2 1.2149 
  112.6 1.21511 
  121.76 1.2141 
  125.52 1.21106 
  130.15 1.20826 
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Downstream Discharge Hydrograph 
Digitized from Fulford (1998) 
t (s) y (cfs) t (s) y (cfs) 
0.69 3.0968 223.2 3.1674 
10.22 3.0927 232.36 3.1555 
19.75 3.0924 239.46 3.15 
24.61 3.0942 
  25.43 3.1387 
  26.89 3.2355 
  27.55 3.3827 
  28.24 3.4795 
  29.67 3.6151 
  31.56 3.6324 
  34.57 3.6885 
  40.23 3.7619 
  48.2 3.8082 
  56.17 3.8583 
  58.97 3.8786 
  64.92 3.8774 
  71.45 3.8762 
  73.7 3.8655 
  82.86 3.8459 
  92.01 3.8301 
  99.46 3.8153 
  100.42 3.7988 
  103.91 3.7096 
  108.93 3.6242 
  116.58 3.5814 
  124.62 3.5308 
  131.9 3.4802 
  140.3 3.4528 
  153.7 3.3749 
  159.02 3.319 
  160.97 3.3282 
  169.38 3.2969 
  178.54 3.2773 
  187.32 3.246 
  196.11 3.2225 
  204.89 3.1912 
  214.05 3.1754 
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Downstream Stage Hydrograph 
t (s) y (ft) t (s) y (ft) t (s) y (ft) t (s) y (ft) 
0 0.56 45 0.625 90 0.633 135 0.6 
1 0.56 46 0.626 91 0.633 136 0.599 
2 0.56 47 0.627 92 0.632 137 0.599 
3 0.56 48 0.628 93 0.632 138 0.598 
4 0.56 49 0.629 94 0.632 139 0.597 
5 0.56 50 0.63 95 0.632 140 0.597 
6 0.56 51 0.631 96 0.631 141 0.596 
7 0.56 52 0.632 97 0.631 142 0.595 
8 0.56 53 0.633 98 0.631 143 0.595 
9 0.56 54 0.634 99 0.63 144 0.594 
10 0.56 55 0.635 100 0.63 145 0.593 
11 0.56 56 0.636 101 0.628 146 0.593 
12 0.56 57 0.637 102 0.626 147 0.592 
13 0.56 58 0.638 103 0.624 148 0.591 
14 0.56 59 0.639 104 0.622 149 0.591 
15 0.56 60 0.64 105 0.62 150 0.59 
16 0.56 61 0.64 106 0.619 151 0.59 
17 0.56 62 0.64 107 0.619 152 0.589 
18 0.56 63 0.64 108 0.618 153 0.589 
19 0.56 64 0.64 109 0.617 154 0.589 
20 0.56 65 0.64 110 0.617 155 0.588 
21 0.56 66 0.64 111 0.616 156 0.588 
22 0.56 67 0.64 112 0.615 157 0.588 
23 0.56 68 0.64 113 0.615 158 0.587 
24 0.56 69 0.64 114 0.614 159 0.587 
25 0.56 70 0.64 115 0.613 160 0.587 
26 0.568 71 0.64 116 0.613 161 0.586 
27 0.575 72 0.639 117 0.612 162 0.586 
28 0.59 73 0.639 118 0.611 163 0.586 
29 0.595 74 0.638 119 0.611 164 0.585 
30 0.6 75 0.638 120 0.61 165 0.585 
31 0.6 76 0.637 121 0.609 166 0.585 
32 0.6 77 0.637 122 0.609 167 0.584 
33 0.603 78 0.636 123 0.608 168 0.584 
34 0.606 79 0.636 124 0.607 169 0.584 
35 0.61 80 0.635 125 0.607 170 0.583 
36 0.612 81 0.635 126 0.606 171 0.583 
37 0.614 82 0.635 127 0.605 172 0.583 
38 0.616 83 0.634 128 0.605 173 0.582 
39 0.618 84 0.634 129 0.604 174 0.582 
40 0.62 85 0.634 130 0.603 175 0.582 
41 0.621 86 0.634 131 0.603 176 0.581 
42 0.622 87 0.633 132 0.602 177 0.581 
43 0.623 88 0.633 133 0.601 178 0.581 
44 0.624 89 0.633 134 0.601 179 0.58 
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t (s) y (ft) t (s) y (ft) 
180 0.58 225 0.573 
181 0.58 226 0.572 
182 0.58 227 0.572 
183 0.58 228 0.572 
184 0.579 229 0.572 
185 0.579 230 0.572 
186 0.579 231 0.572 
187 0.579 232 0.571 
188 0.578 233 0.571 
189 0.578 234 0.571 
190 0.578 235 0.571 
191 0.578 236 0.571 
192 0.578 237 0.571 
193 0.578 238 0.57 
194 0.577 239 0.57 
195 0.577 240 0.57 
196 0.577 
197 0.577 
198 0.577 
199 0.576 
200 0.576 
201 0.576 
202 0.576 
203 0.576 
204 0.576 
205 0.575 
206 0.575 
207 0.575 
208 0.575 
209 0.575 
210 0.575 
211 0.575 
212 0.575 
213 0.575 
214 0.574 
215 0.574 
216 0.574 
217 0.574 
218 0.574 
219 0.574 
220 0.573 
221 0.573 
222 0.573 
223 0.573 
224 0.573 
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APPENDIX B: 
TRESKE OVERBANK FLUME, UPSTREAM DISCHARGE & STAGE 
HYDROGRAPHS, DOWNSTREAM DISCHARGE & STAGE HYDROGRAPHS 
 
 The following discharge and stage hydrographs were obtained from data provided by 
Janice Fulford, of the U.S. Geological Survey. Said data was originally measured by the 
Canadian Society of Civil Engineers. 
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Upstream Discharge Hydrograph 
t (m) Q (cfs) 
0 3.39 
6 3.355 
12 4.026 
18 4.767 
24 5.509 
30 6.251 
36 6.992 
42 7.769 
48 8.511 
54 9.217 
60 9.959 
66 10.736 
72 11.477 
78 12.219 
84 12.996 
90 13.737 
96 14.514 
102 14.196 
108 13.49 
114 12.749 
120 12.007 
126 11.23 
132 10.488 
138 9.747 
144 9.005 
150 8.228 
156 7.487 
162 6.816 
168 6.003 
174 5.227 
180 4.45 
186 3.673 
192 3.496 
198 3.461 
204 3.461 
210 3.461 
216 3.461 
222 3.461 
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Upstream Stage Hydrograph 
Digitized from Fulford (1998) 
t (m) y (ft) 
0 1.0133 
6.06 1.0117 
11.7 1.0642 
17.52 1.1422 
23.67 1.2359 
29.94 1.3232 
35.82 1.4098 
41.1 1.4914 
47.76 1.5666 
53.97 1.6173 
59.85 1.6581 
65.91 1.7059 
71.85 1.7484 
77.7 1.7888 
83.91 1.8249 
89.64 1.8589 
95.67 1.8922 
101.64 1.9013 
107.64 1.9004 
113.64 1.8797 
119.28 1.8571 
125.76 1.831 
131.55 1.8017 
137.67 1.7689 
143.7 1.7332 
149.79 1.6915 
155.58 1.6544 
161.28 1.5995 
167.22 1.4796 
173.85 1.349 
179.67 1.228 
185.55 1.1251 
191.31 1.0653 
197.34 1.0399 
202.98 1.0248 
209.19 1.0218 
215.25 1.0192 
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Downstream Discharge Hydrograph, Digitized from Fulford (1998) 
t (m) Q (cfs) 
0 3.423 
5.7 3.422 
11.79 3.668 
17.49 4.312 
23.94 5.071 
30.18 5.831 
35.55 6.491 
42.15 7.267 
47.49 7.961 
53.58 8.406 
59.64 8.785 
65.88 9.379 
71.61 10.106 
77.49 10.964 
83.76 11.873 
89.82 12.666 
95.88 13.491 
101.43 13.903 
108.21 13.902 
113.94 13.503 
119.46 13.038 
131.61 11.777 
137.85 11.064 
143.58 10.4 
149.46 9.72 
155.37 8.99 
161.43 8.393 
167.49 7.398 
173.4 6.288 
179.28 5.31 
185.19 4.464 
191.25 3.917 
197.13 3.65 
203.4 3.599 
208.92 3.531 
215.19 3.513 
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Downstream Stage Hydrograph 
t (m) y (ft) 
0 0.876 
6 0.876 
12 0.9088 
18 0.9908 
24 1.0827 
30 1.1713 
36 1.2533 
42 1.3343 
48 1.414 
54 1.4633 
60 1.4862 
66 1.5223 
72 1.5682 
78 1.6142 
84 1.6634 
90 1.706 
96 1.7487 
102 1.7717 
108 1.7684 
114 1.752 
120 1.7224 
126 1.6929 
132 1.6568 
138 1.6207 
144 1.5814 
150 1.542 
156 1.4993 
162 1.46 
168 1.3517 
174 1.2238 
180 1.1122 
186 1.0072 
192 0.935 
198 0.9088 
204 0.8924 
210 0.8891 
216 0.8825 
222 0.8825 
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APPENDIX C: 
SACRAMENTO RIVER MODEL, UPSTREAM DISCHARGE & STAGE 
HYDROGRAPHS, DOWNSTREAM STAGE HYDROGRAPHS 
 
 The following discharge and stage hydrographs were obtained from data provided by 
Janice Fulford, of the U.S. Geological Survey. Said data was originally measured by the U.S. 
Geological Survey. 
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Upstream Discharge Hydrograph 
Digitized from Fulford (1998) 
t (m) Q (cfs) 
0 6356 
14.76 6182 
29.67 6088 
44.31 6083 
60.12 6120 
75.21 6149 
90.075 6152 
105.195 6125 
119.835 6141 
134.385 6335 
149.04 6867 
164.265 7162 
178.59 7342 
194.115 7481 
208.47 7590 
224.475 7699 
239.07 7808 
254.835 7942 
269.19 8068 
284.25 8185 
299.52 8362 
314.55 8538 
328.665 8656 
343.755 8697 
358.62 8713 
373.035 8704 
389.07 8724 
403.68 8803 
419.025 8802 
433.23 8708 
448.8 8703 
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Upstream Stage Hydrograph 
t (m) y (ft) 
0 2.48 
15 2.55 
30 2.62 
45 2.67 
60 2.74 
75 2.79 
90 2.84 
105 2.88 
120 2.91 
135 2.92 
150 2.92 
165 2.92 
180 2.9 
195 2.88 
210 2.85 
225 2.83 
240 2.8 
255 2.77 
270 2.73 
285 2.7 
300 2.67 
315 2.63 
330 2.6 
345 2.56 
360 2.52 
375 2.48 
390 2.44 
405 2.4 
420 2.37 
435 2.34 
450 2.31 
465 2.29 
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Downstream Stage Hydrograph 
t (m) y (ft) 
0 2.37 
15 2.43 
30 2.49 
45 2.55 
60 2.6 
75 2.64 
90 2.66 
105 2.65 
120 2.63 
135 2.6 
150 2.57 
165 2.53 
180 2.5 
195 2.47 
210 2.43 
225 2.39 
240 2.35 
255 2.3 
270 2.26 
285 2.21 
300 2.16 
315 2.11 
330 2.06 
345 2.02 
360 1.98 
375 1.94 
390 1.9 
405 1.88 
420 1.86 
435 1.85 
450 1.88 
465 1.91 
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APPENDIX D: 
FEQ OUTPUT FOR COE DAM BREAK MODEL 
 
X=1 
FEQ Upstream Downstream 
t (s) Q (cfs) Y (ft)  Elev (ft) Q (cfs) Y (ft)  Elev (ft) 
0 3.34E+00 0.505 1.192 2.86E+00 0.498 0.56 
1 3.57E+00 0.508 1.195 2.67E+00 0.498 0.56 
2 3.81E+00 0.512 1.199 2.50E+00 0.498 0.56 
3 4.05E+00 0.518 1.205 2.36E+00 0.498 0.56 
4 4.84E+00 0.529 1.216 1.73E+00 0.498 0.56 
5 4.95E+00 0.541 1.228 1.82E+00 0.498 0.56 
6 5.07E+00 0.554 1.241 1.93E+00 0.498 0.56 
7 5.15E+00 0.566 1.253 2.08E+00 0.498 0.56 
8 5.22E+00 0.578 1.265 2.24E+00 0.498 0.56 
9 5.30E+00 0.59 1.277 2.40E+00 0.498 0.56 
10 5.16E+00 0.6 1.287 2.77E+00 0.498 0.56 
11 5.02E+00 0.609 1.296 3.12E+00 0.498 0.56 
12 5.00E+00 0.616 1.303 3.33E+00 0.498 0.56 
13 4.97E+00 0.622 1.309 3.53E+00 0.498 0.56 
14 4.95E+00 0.627 1.314 3.69E+00 0.498 0.56 
15 4.92E+00 0.632 1.319 3.86E+00 0.498 0.56 
16 4.88E+00 0.635 1.322 4.00E+00 0.498 0.56 
17 4.86E+00 0.639 1.326 4.10E+00 0.498 0.56 
18 4.84E+00 0.641 1.328 4.17E+00 0.498 0.56 
19 4.81E+00 0.644 1.331 4.22E+00 0.498 0.56 
20 4.74E+00 0.646 1.333 4.29E+00 0.498 0.56 
21 4.67E+00 0.648 1.335 4.35E+00 0.498 0.56 
22 4.62E+00 0.649 1.336 4.37E+00 0.498 0.56 
23 4.58E+00 0.65 1.337 4.38E+00 0.498 0.56 
24 4.53E+00 0.65 1.337 4.39E+00 0.498 0.56 
25 4.48E+00 0.643 1.33 4.40E+00 0.506 0.568 
26 4.41E+00 0.636 1.323 4.40E+00 0.513 0.575 
27 4.35E+00 0.621 1.308 4.38E+00 0.528 0.59 
28 4.31E+00 0.616 1.303 4.34E+00 0.533 0.595 
29 4.26E+00 0.61 1.297 4.30E+00 0.538 0.6 
30 4.18E+00 0.61 1.297 4.30E+00 0.538 0.6 
31 4.16E+00 0.61 1.297 4.25E+00 0.538 0.6 
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32 4.13E+00 0.606 1.293 4.22E+00 0.541 0.603 
33 4.10E+00 0.603 1.29 4.19E+00 0.544 0.606 
34 4.06E+00 0.599 1.286 4.17E+00 0.548 0.61 
35 4.06E+00 0.596 1.283 4.12E+00 0.55 0.612 
36 4.05E+00 0.594 1.281 4.09E+00 0.552 0.614 
37 4.04E+00 0.592 1.279 4.06E+00 0.554 0.616 
38 4.04E+00 0.59 1.277 4.04E+00 0.556 0.618 
39 4.03E+00 0.588 1.275 4.02E+00 0.558 0.62 
40 4.03E+00 0.587 1.274 4.00E+00 0.559 0.621 
41 4.02E+00 0.586 1.273 3.99E+00 0.56 0.622 
42 4.01E+00 0.585 1.272 3.98E+00 0.561 0.623 
43 4.01E+00 0.584 1.271 3.97E+00 0.562 0.624 
44 4.00E+00 0.584 1.271 3.96E+00 0.563 0.625 
45 3.92E+00 0.582 1.269 4.01E+00 0.564 0.626 
46 3.85E+00 0.581 1.268 4.04E+00 0.565 0.627 
47 3.79E+00 0.579 1.266 4.05E+00 0.566 0.628 
48 3.73E+00 0.577 1.264 4.04E+00 0.567 0.629 
49 3.68E+00 0.574 1.261 4.03E+00 0.568 0.63 
50 3.67E+00 0.572 1.259 3.98E+00 0.569 0.631 
51 3.67E+00 0.57 1.257 3.94E+00 0.57 0.632 
52 3.66E+00 0.568 1.255 3.90E+00 0.571 0.633 
53 3.66E+00 0.566 1.253 3.88E+00 0.572 0.634 
54 3.65E+00 0.564 1.251 3.85E+00 0.573 0.635 
55 3.64E+00 0.562 1.249 3.83E+00 0.574 0.636 
56 3.64E+00 0.561 1.248 3.81E+00 0.575 0.637 
57 3.63E+00 0.559 1.246 3.80E+00 0.576 0.638 
58 3.63E+00 0.557 1.244 3.78E+00 0.577 0.639 
59 3.62E+00 0.556 1.243 3.77E+00 0.578 0.64 
60 3.62E+00 0.555 1.242 3.75E+00 0.578 0.64 
61 3.61E+00 0.555 1.242 3.74E+00 0.578 0.64 
62 3.60E+00 0.554 1.241 3.73E+00 0.578 0.64 
63 3.60E+00 0.554 1.241 3.72E+00 0.578 0.64 
64 3.59E+00 0.553 1.24 3.71E+00 0.578 0.64 
65 3.59E+00 0.553 1.24 3.71E+00 0.578 0.64 
66 3.58E+00 0.552 1.239 3.70E+00 0.578 0.64 
67 3.58E+00 0.552 1.239 3.69E+00 0.578 0.64 
68 3.57E+00 0.551 1.238 3.69E+00 0.578 0.64 
69 3.56E+00 0.551 1.238 3.68E+00 0.578 0.64 
70 3.55E+00 0.55 1.237 3.68E+00 0.578 0.64 
71 3.54E+00 0.551 1.238 3.68E+00 0.577 0.639 
72 3.53E+00 0.55 1.237 3.68E+00 0.577 0.639 
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73 3.52E+00 0.55 1.237 3.69E+00 0.576 0.638 
74 3.51E+00 0.55 1.237 3.69E+00 0.576 0.638 
75 3.50E+00 0.55 1.237 3.68E+00 0.575 0.637 
76 3.49E+00 0.549 1.236 3.68E+00 0.575 0.637 
77 3.48E+00 0.549 1.236 3.68E+00 0.574 0.636 
78 3.47E+00 0.549 1.236 3.68E+00 0.574 0.636 
79 3.47E+00 0.549 1.236 3.67E+00 0.573 0.635 
80 3.46E+00 0.548 1.235 3.67E+00 0.573 0.635 
81 3.46E+00 0.547 1.234 3.66E+00 0.573 0.635 
82 3.46E+00 0.547 1.234 3.65E+00 0.572 0.634 
83 3.45E+00 0.547 1.234 3.65E+00 0.572 0.634 
84 3.44E+00 0.546 1.233 3.64E+00 0.572 0.634 
85 3.44E+00 0.545 1.232 3.64E+00 0.572 0.634 
86 3.43E+00 0.545 1.232 3.63E+00 0.571 0.633 
87 3.43E+00 0.544 1.231 3.63E+00 0.571 0.633 
88 3.43E+00 0.544 1.231 3.62E+00 0.571 0.633 
89 3.42E+00 0.543 1.23 3.62E+00 0.571 0.633 
90 3.42E+00 0.542 1.229 3.61E+00 0.571 0.633 
91 3.42E+00 0.542 1.229 3.60E+00 0.57 0.632 
92 3.41E+00 0.542 1.229 3.60E+00 0.57 0.632 
93 3.40E+00 0.541 1.228 3.60E+00 0.57 0.632 
94 3.40E+00 0.54 1.227 3.59E+00 0.57 0.632 
95 3.40E+00 0.54 1.227 3.58E+00 0.569 0.631 
96 3.39E+00 0.54 1.227 3.58E+00 0.569 0.631 
97 3.39E+00 0.539 1.226 3.58E+00 0.569 0.631 
98 3.39E+00 0.539 1.226 3.57E+00 0.568 0.63 
99 3.38E+00 0.538 1.225 3.56E+00 0.568 0.63 
100 3.37E+00 0.54 1.227 3.57E+00 0.566 0.628 
101 3.36E+00 0.541 1.228 3.57E+00 0.564 0.626 
102 3.35E+00 0.542 1.229 3.58E+00 0.562 0.624 
103 3.35E+00 0.543 1.23 3.58E+00 0.56 0.622 
104 3.34E+00 0.544 1.231 3.59E+00 0.558 0.62 
105 3.34E+00 0.544 1.231 3.58E+00 0.557 0.619 
106 3.34E+00 0.543 1.23 3.58E+00 0.557 0.619 
107 3.34E+00 0.543 1.23 3.57E+00 0.556 0.618 
108 3.34E+00 0.543 1.23 3.57E+00 0.555 0.617 
109 3.34E+00 0.542 1.229 3.57E+00 0.555 0.617 
110 3.34E+00 0.542 1.229 3.56E+00 0.554 0.616 
111 3.34E+00 0.542 1.229 3.56E+00 0.553 0.615 
112 3.34E+00 0.541 1.228 3.56E+00 0.553 0.615 
113 3.34E+00 0.542 1.229 3.55E+00 0.552 0.614 
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114 3.34E+00 0.542 1.229 3.55E+00 0.551 0.613 
115 3.34E+00 0.541 1.228 3.55E+00 0.551 0.613 
116 3.34E+00 0.541 1.228 3.54E+00 0.55 0.612 
117 3.34E+00 0.541 1.228 3.54E+00 0.549 0.611 
118 3.34E+00 0.54 1.227 3.54E+00 0.549 0.611 
119 3.34E+00 0.541 1.228 3.53E+00 0.548 0.61 
120 3.33E+00 0.541 1.228 3.54E+00 0.547 0.609 
121 3.32E+00 0.54 1.227 3.53E+00 0.547 0.609 
122 3.32E+00 0.54 1.227 3.54E+00 0.546 0.608 
123 3.31E+00 0.54 1.227 3.54E+00 0.545 0.607 
124 3.31E+00 0.539 1.226 3.53E+00 0.545 0.607 
125 3.30E+00 0.539 1.226 3.53E+00 0.544 0.606 
126 3.29E+00 0.539 1.226 3.53E+00 0.543 0.605 
127 3.29E+00 0.538 1.225 3.52E+00 0.543 0.605 
128 3.28E+00 0.538 1.225 3.52E+00 0.542 0.604 
129 3.27E+00 0.539 1.226 3.52E+00 0.541 0.603 
130 3.27E+00 0.538 1.225 3.51E+00 0.541 0.603 
131 3.26E+00 0.538 1.225 3.51E+00 0.54 0.602 
132 3.25E+00 0.538 1.225 3.51E+00 0.539 0.601 
133 3.25E+00 0.536 1.223 3.50E+00 0.539 0.601 
134 3.24E+00 0.536 1.223 3.50E+00 0.538 0.6 
135 3.23E+00 0.536 1.223 3.50E+00 0.537 0.599 
136 3.23E+00 0.535 1.222 3.49E+00 0.537 0.599 
137 3.22E+00 0.535 1.222 3.49E+00 0.536 0.598 
138 3.22E+00 0.535 1.222 3.48E+00 0.535 0.597 
139 3.21E+00 0.534 1.221 3.48E+00 0.535 0.597 
140 3.21E+00 0.534 1.221 3.47E+00 0.534 0.596 
141 3.20E+00 0.534 1.221 3.47E+00 0.533 0.595 
142 3.20E+00 0.533 1.22 3.46E+00 0.533 0.595 
143 3.19E+00 0.533 1.22 3.46E+00 0.532 0.594 
144 3.18E+00 0.533 1.22 3.46E+00 0.531 0.593 
145 3.18E+00 0.532 1.219 3.45E+00 0.531 0.593 
146 3.17E+00 0.532 1.219 3.44E+00 0.53 0.592 
147 3.16E+00 0.532 1.219 3.44E+00 0.529 0.591 
148 3.16E+00 0.53 1.217 3.43E+00 0.529 0.591 
149 3.15E+00 0.53 1.217 3.43E+00 0.528 0.59 
150 3.15E+00 0.529 1.216 3.42E+00 0.528 0.59 
151 3.15E+00 0.529 1.216 3.41E+00 0.527 0.589 
152 3.15E+00 0.528 1.215 3.40E+00 0.527 0.589 
153 3.15E+00 0.527 1.214 3.39E+00 0.527 0.589 
154 3.14E+00 0.527 1.214 3.39E+00 0.526 0.588 
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155 3.14E+00 0.526 1.213 3.38E+00 0.526 0.588 
156 3.14E+00 0.525 1.212 3.37E+00 0.526 0.588 
157 3.14E+00 0.525 1.212 3.37E+00 0.525 0.587 
158 3.14E+00 0.524 1.211 3.36E+00 0.525 0.587 
159 3.14E+00 0.523 1.21 3.35E+00 0.525 0.587 
160 3.13E+00 0.524 1.211 3.35E+00 0.524 0.586 
161 3.13E+00 0.523 1.21 3.34E+00 0.524 0.586 
162 3.13E+00 0.522 1.209 3.33E+00 0.524 0.586 
163 3.12E+00 0.522 1.209 3.33E+00 0.523 0.585 
164 3.12E+00 0.521 1.208 3.33E+00 0.523 0.585 
165 3.12E+00 0.52 1.207 3.32E+00 0.523 0.585 
166 3.12E+00 0.521 1.208 3.32E+00 0.522 0.584 
167 3.12E+00 0.52 1.207 3.31E+00 0.522 0.584 
168 3.12E+00 0.519 1.206 3.30E+00 0.522 0.584 
169 3.11E+00 0.519 1.206 3.30E+00 0.521 0.583 
170 3.11E+00 0.519 1.206 3.30E+00 0.521 0.583 
171 3.11E+00 0.518 1.205 3.29E+00 0.521 0.583 
172 3.11E+00 0.518 1.205 3.29E+00 0.52 0.582 
173 3.11E+00 0.518 1.205 3.28E+00 0.52 0.582 
174 3.11E+00 0.517 1.204 3.28E+00 0.52 0.582 
175 3.10E+00 0.517 1.204 3.28E+00 0.519 0.581 
176 3.10E+00 0.516 1.203 3.27E+00 0.519 0.581 
177 3.10E+00 0.516 1.203 3.26E+00 0.519 0.581 
178 3.10E+00 0.516 1.203 3.26E+00 0.518 0.58 
179 3.10E+00 0.516 1.203 3.26E+00 0.518 0.58 
180 3.10E+00 0.515 1.202 3.25E+00 0.518 0.58 
181 3.10E+00 0.514 1.201 3.25E+00 0.518 0.58 
182 3.10E+00 0.514 1.201 3.24E+00 0.518 0.58 
183 3.10E+00 0.514 1.201 3.24E+00 0.517 0.579 
184 3.10E+00 0.514 1.201 3.23E+00 0.517 0.579 
185 3.10E+00 0.513 1.2 3.23E+00 0.517 0.579 
186 3.10E+00 0.513 1.2 3.22E+00 0.517 0.579 
187 3.10E+00 0.513 1.2 3.22E+00 0.516 0.578 
188 3.10E+00 0.513 1.2 3.22E+00 0.516 0.578 
189 3.10E+00 0.512 1.199 3.21E+00 0.516 0.578 
190 3.10E+00 0.512 1.199 3.21E+00 0.516 0.578 
191 3.10E+00 0.511 1.198 3.21E+00 0.516 0.578 
192 3.10E+00 0.511 1.198 3.20E+00 0.516 0.578 
193 3.10E+00 0.511 1.198 3.20E+00 0.515 0.577 
194 3.10E+00 0.511 1.198 3.20E+00 0.515 0.577 
195 3.10E+00 0.51 1.197 3.20E+00 0.515 0.577 
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196 3.10E+00 0.51 1.197 3.19E+00 0.515 0.577 
197 3.10E+00 0.51 1.197 3.19E+00 0.515 0.577 
198 3.10E+00 0.51 1.197 3.19E+00 0.514 0.576 
199 3.10E+00 0.51 1.197 3.19E+00 0.514 0.576 
200 3.10E+00 0.51 1.197 3.18E+00 0.514 0.576 
201 3.10E+00 0.509 1.196 3.18E+00 0.514 0.576 
202 3.10E+00 0.509 1.196 3.18E+00 0.514 0.576 
203 3.10E+00 0.509 1.196 3.18E+00 0.514 0.576 
204 3.10E+00 0.509 1.196 3.17E+00 0.513 0.575 
205 3.10E+00 0.509 1.196 3.17E+00 0.513 0.575 
206 3.10E+00 0.509 1.196 3.17E+00 0.513 0.575 
207 3.10E+00 0.508 1.195 3.17E+00 0.513 0.575 
208 3.10E+00 0.508 1.195 3.17E+00 0.513 0.575 
209 3.10E+00 0.508 1.195 3.17E+00 0.513 0.575 
210 3.10E+00 0.508 1.195 3.16E+00 0.513 0.575 
211 3.10E+00 0.507 1.194 3.16E+00 0.513 0.575 
212 3.10E+00 0.507 1.194 3.16E+00 0.513 0.575 
213 3.10E+00 0.508 1.195 3.16E+00 0.512 0.574 
214 3.10E+00 0.508 1.195 3.16E+00 0.512 0.574 
215 3.10E+00 0.507 1.194 3.16E+00 0.512 0.574 
216 3.10E+00 0.507 1.194 3.15E+00 0.512 0.574 
217 3.10E+00 0.507 1.194 3.15E+00 0.512 0.574 
218 3.10E+00 0.507 1.194 3.15E+00 0.512 0.574 
219 3.10E+00 0.507 1.194 3.15E+00 0.511 0.573 
220 3.10E+00 0.507 1.194 3.15E+00 0.511 0.573 
221 3.10E+00 0.507 1.194 3.15E+00 0.511 0.573 
222 3.10E+00 0.507 1.194 3.15E+00 0.511 0.573 
223 3.10E+00 0.507 1.194 3.15E+00 0.511 0.573 
224 3.10E+00 0.506 1.193 3.15E+00 0.511 0.573 
225 3.10E+00 0.507 1.194 3.14E+00 0.51 0.572 
226 3.10E+00 0.507 1.194 3.15E+00 0.51 0.572 
227 3.10E+00 0.507 1.194 3.14E+00 0.51 0.572 
228 3.10E+00 0.507 1.194 3.14E+00 0.51 0.572 
229 3.10E+00 0.506 1.193 3.14E+00 0.51 0.572 
230 3.10E+00 0.506 1.193 3.14E+00 0.51 0.572 
231 3.10E+00 0.507 1.194 3.14E+00 0.509 0.571 
232 3.10E+00 0.507 1.194 3.14E+00 0.509 0.571 
233 3.10E+00 0.507 1.194 3.14E+00 0.509 0.571 
234 3.10E+00 0.506 1.193 3.14E+00 0.509 0.571 
235 3.10E+00 0.506 1.193 3.14E+00 0.509 0.571 
236 3.10E+00 0.506 1.193 3.14E+00 0.509 0.571 
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237 3.10E+00 0.507 1.194 3.14E+00 0.508 0.57 
238 3.10E+00 0.507 1.194 3.14E+00 0.508 0.57 
239 3.10E+00 0.507 1.194 3.14E+00 0.508 0.57 
 
 
X=5 
FEQ Upstream Downstream 
t (s) Q (cfs) Y (ft)  Elev (ft) Q (cfs) Y (ft)  Elev (ft) 
0 3.33541 0.512 1.199 3.08E+00 0.498 0.56 
1 3.57472 0.525 1.212 3.12E+00 0.498 0.56 
2 3.81499 0.537 1.224 3.06E+00 0.498 0.56 
3 4.05451 0.551 1.238 3.06E+00 0.498 0.56 
4 4.83619 0.586 1.273 3.07E+00 0.498 0.56 
5 4.95266 0.601 1.288 3.19E+00 0.498 0.56 
6 5.06922 0.601 1.288 2.94E+00 0.498 0.56 
7 5.14666 0.61 1.297 3.03E+00 0.498 0.56 
8 5.2241 0.619 1.306 3.12E+00 0.498 0.56 
9 5.30144 0.626 1.313 3.08E+00 0.498 0.56 
10 5.16222 0.624 1.311 3.01E+00 0.498 0.56 
11 5.02237 0.62 1.307 2.88E+00 0.498 0.56 
12 4.99679 0.624 1.311 2.87E+00 0.498 0.56 
13 4.96631 0.627 1.314 2.91E+00 0.498 0.56 
14 4.95421 0.627 1.314 2.85E+00 0.498 0.56 
15 4.92014 0.627 1.314 2.77E+00 0.498 0.56 
16 4.88338 0.629 1.316 2.74E+00 0.498 0.56 
17 4.8607 0.632 1.319 2.81E+00 0.498 0.56 
18 4.83522 0.633 1.32 2.93E+00 0.498 0.56 
19 4.81264 0.633 1.32 3.06E+00 0.498 0.56 
20 4.74171 0.631 1.318 3.21E+00 0.498 0.56 
21 4.67108 0.629 1.316 3.37E+00 0.498 0.56 
22 4.62292 0.627 1.314 3.50E+00 0.498 0.56 
23 4.57765 0.625 1.312 3.57E+00 0.498 0.56 
24 4.52941 0.623 1.31 3.61E+00 0.498 0.56 
25 4.47615 0.615 1.302 3.64E+00 0.506 0.568 
26 4.4139 0.613 1.3 3.70E+00 0.513 0.575 
27 4.35325 0.608 1.295 3.76E+00 0.528 0.59 
28 4.30917 0.613 1.3 3.84E+00 0.533 0.595 
29 4.26161 0.614 1.301 3.88E+00 0.538 0.6 
30 4.18489 0.617 1.304 3.90E+00 0.538 0.6 
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31 4.16191 0.62 1.307 3.92E+00 0.538 0.6 
32 4.12774 0.618 1.305 3.93E+00 0.541 0.603 
33 4.09704 0.615 1.302 3.93E+00 0.544 0.606 
34 4.0631 0.612 1.299 3.94E+00 0.548 0.61 
35 4.057 0.612 1.299 3.97E+00 0.55 0.612 
36 4.0509 0.612 1.299 4.00E+00 0.552 0.614 
37 4.04481 0.611 1.298 4.02E+00 0.554 0.616 
38 4.03859 0.61 1.297 4.03E+00 0.556 0.618 
39 4.0325 0.608 1.295 4.04E+00 0.558 0.62 
40 4.0264 0.608 1.295 4.04E+00 0.559 0.621 
41 4.02031 0.607 1.294 4.03E+00 0.56 0.622 
42 4.01419 0.607 1.294 4.03E+00 0.561 0.623 
43 4.008 0.606 1.293 4.03E+00 0.562 0.624 
44 4.0019 0.605 1.292 4.03E+00 0.563 0.625 
45 3.92326 0.603 1.29 4.03E+00 0.564 0.626 
46 3.84502 0.6 1.287 4.03E+00 0.565 0.627 
47 3.78803 0.598 1.285 4.04E+00 0.566 0.628 
48 3.73418 0.595 1.282 4.03E+00 0.567 0.629 
49 3.67802 0.592 1.279 4.03E+00 0.568 0.63 
50 3.67231 0.59 1.277 4.04E+00 0.569 0.631 
51 3.66659 0.589 1.276 4.05E+00 0.57 0.632 
52 3.6609 0.587 1.274 4.05E+00 0.571 0.633 
53 3.6551 0.585 1.272 4.05E+00 0.572 0.634 
54 3.6494 0.584 1.271 4.04E+00 0.573 0.635 
55 3.64371 0.582 1.269 4.03E+00 0.574 0.636 
56 3.63799 0.58 1.267 4.01E+00 0.575 0.637 
57 3.6323 0.578 1.265 3.99E+00 0.576 0.638 
58 3.6266 0.576 1.263 3.98E+00 0.577 0.639 
59 3.62091 0.575 1.262 3.97E+00 0.578 0.64 
60 3.61509 0.574 1.261 3.96E+00 0.578 0.64 
61 3.6094 0.573 1.26 3.95E+00 0.578 0.64 
62 3.6037 0.573 1.26 3.95E+00 0.578 0.64 
63 3.598 0.572 1.259 3.94E+00 0.578 0.64 
64 3.59231 0.571 1.258 3.93E+00 0.578 0.64 
65 3.58659 0.57 1.257 3.93E+00 0.578 0.64 
66 3.5808 0.569 1.256 3.92E+00 0.578 0.64 
67 3.5751 0.568 1.255 3.91E+00 0.578 0.64 
68 3.56941 0.567 1.254 3.91E+00 0.578 0.64 
69 3.56368 0.566 1.253 3.90E+00 0.578 0.64 
70 3.55229 0.565 1.252 3.89E+00 0.578 0.64 
71 3.5408 0.565 1.252 3.89E+00 0.577 0.639 
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72 3.52941 0.564 1.251 3.88E+00 0.577 0.639 
73 3.51802 0.564 1.251 3.88E+00 0.576 0.638 
74 3.50649 0.562 1.249 3.87E+00 0.576 0.638 
75 3.5008 0.562 1.249 3.86E+00 0.575 0.637 
76 3.4894 0.56 1.247 3.86E+00 0.575 0.637 
77 3.48371 0.56 1.247 3.85E+00 0.574 0.636 
78 3.47229 0.558 1.245 3.85E+00 0.574 0.636 
79 3.4665 0.558 1.245 3.84E+00 0.573 0.635 
80 3.4608 0.556 1.243 3.83E+00 0.573 0.635 
81 3.4551 0.555 1.242 3.82E+00 0.573 0.635 
82 3.4551 0.555 1.242 3.82E+00 0.572 0.634 
83 3.44939 0.553 1.24 3.81E+00 0.572 0.634 
84 3.4437 0.552 1.239 3.80E+00 0.572 0.634 
85 3.438 0.551 1.238 3.79E+00 0.572 0.634 
86 3.43231 0.551 1.238 3.78E+00 0.571 0.633 
87 3.43229 0.549 1.236 3.78E+00 0.571 0.633 
88 3.4265 0.548 1.235 3.77E+00 0.571 0.633 
89 3.4208 0.547 1.234 3.76E+00 0.571 0.633 
90 3.4151 0.546 1.233 3.75E+00 0.571 0.633 
91 3.4151 0.546 1.233 3.75E+00 0.57 0.632 
92 3.40939 0.545 1.232 3.74E+00 0.57 0.632 
93 3.4037 0.544 1.231 3.73E+00 0.57 0.632 
94 3.4037 0.543 1.23 3.73E+00 0.57 0.632 
95 3.39801 0.543 1.23 3.72E+00 0.569 0.631 
96 3.39229 0.542 1.229 3.71E+00 0.569 0.631 
97 3.3865 0.541 1.228 3.70E+00 0.569 0.631 
98 3.3865 0.542 1.229 3.70E+00 0.568 0.63 
99 3.3808 0.541 1.228 3.69E+00 0.568 0.63 
100 3.36942 0.541 1.228 3.68E+00 0.566 0.628 
101 3.36369 0.542 1.229 3.68E+00 0.564 0.626 
102 3.3523 0.542 1.229 3.68E+00 0.562 0.624 
103 3.3465 0.542 1.229 3.67E+00 0.56 0.622 
104 3.33511 0.541 1.228 3.67E+00 0.558 0.62 
105 3.3351 0.539 1.226 3.65E+00 0.557 0.619 
106 3.3351 0.537 1.224 3.64E+00 0.557 0.619 
107 3.3351 0.536 1.223 3.63E+00 0.556 0.618 
108 3.3351 0.535 1.222 3.62E+00 0.555 0.617 
109 3.3351 0.534 1.221 3.61E+00 0.555 0.617 
110 3.3351 0.534 1.221 3.61E+00 0.554 0.616 
111 3.3351 0.534 1.221 3.61E+00 0.553 0.615 
112 3.3351 0.533 1.22 3.60E+00 0.553 0.615 
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113 3.3351 0.533 1.22 3.60E+00 0.552 0.614 
114 3.3351 0.533 1.22 3.59E+00 0.551 0.613 
115 3.3351 0.532 1.219 3.59E+00 0.551 0.613 
116 3.3351 0.532 1.219 3.58E+00 0.55 0.612 
117 3.3351 0.532 1.219 3.58E+00 0.549 0.611 
118 3.3351 0.532 1.219 3.57E+00 0.549 0.611 
119 3.33509 0.532 1.219 3.57E+00 0.548 0.61 
120 3.327 0.531 1.218 3.56E+00 0.547 0.609 
121 3.3247 0.53 1.217 3.55E+00 0.547 0.609 
122 3.31661 0.53 1.217 3.55E+00 0.546 0.608 
123 3.3085 0.53 1.217 3.55E+00 0.545 0.607 
124 3.30609 0.529 1.216 3.54E+00 0.545 0.607 
125 3.2981 0.529 1.216 3.53E+00 0.544 0.606 
126 3.29001 0.529 1.216 3.53E+00 0.543 0.605 
127 3.2877 0.528 1.215 3.53E+00 0.543 0.605 
128 3.27959 0.528 1.215 3.52E+00 0.542 0.604 
129 3.2716 0.527 1.214 3.52E+00 0.541 0.603 
130 3.2692 0.526 1.213 3.51E+00 0.541 0.603 
131 3.26121 0.526 1.213 3.51E+00 0.54 0.602 
132 3.2532 0.526 1.213 3.51E+00 0.539 0.601 
133 3.25089 0.525 1.212 3.50E+00 0.539 0.601 
134 3.2429 0.525 1.212 3.50E+00 0.538 0.6 
135 3.23491 0.525 1.212 3.49E+00 0.537 0.599 
136 3.2326 0.523 1.21 3.48E+00 0.537 0.599 
137 3.22459 0.523 1.21 3.48E+00 0.536 0.598 
138 3.2166 0.523 1.21 3.47E+00 0.535 0.597 
139 3.2143 0.522 1.209 3.47E+00 0.535 0.597 
140 3.20631 0.522 1.209 3.46E+00 0.534 0.596 
141 3.1984 0.521 1.208 3.46E+00 0.533 0.595 
142 3.19609 0.52 1.207 3.45E+00 0.533 0.595 
143 3.1881 0.52 1.207 3.45E+00 0.532 0.594 
144 3.18021 0.52 1.207 3.44E+00 0.531 0.593 
145 3.1779 0.519 1.206 3.43E+00 0.531 0.593 
146 3.16999 0.519 1.206 3.43E+00 0.53 0.592 
147 3.1621 0.518 1.205 3.42E+00 0.529 0.591 
148 3.1598 0.517 1.204 3.42E+00 0.529 0.591 
149 3.15191 0.517 1.204 3.41E+00 0.528 0.59 
150 3.15189 0.516 1.203 3.40E+00 0.528 0.59 
151 3.1463 0.516 1.203 3.40E+00 0.527 0.589 
152 3.1463 0.515 1.202 3.40E+00 0.527 0.589 
153 3.1463 0.515 1.202 3.39E+00 0.527 0.589 
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154 3.14071 0.515 1.202 3.39E+00 0.526 0.588 
155 3.1407 0.514 1.201 3.38E+00 0.526 0.588 
156 3.1407 0.514 1.201 3.38E+00 0.526 0.588 
157 3.1351 0.514 1.201 3.37E+00 0.525 0.587 
158 3.1351 0.513 1.2 3.37E+00 0.525 0.587 
159 3.13509 0.513 1.2 3.36E+00 0.525 0.587 
160 3.1295 0.513 1.2 3.36E+00 0.524 0.586 
161 3.1295 0.513 1.2 3.35E+00 0.524 0.586 
162 3.1295 0.512 1.199 3.35E+00 0.524 0.586 
163 3.12401 0.512 1.199 3.34E+00 0.523 0.585 
164 3.124 0.512 1.199 3.34E+00 0.523 0.585 
165 3.124 0.511 1.198 3.33E+00 0.523 0.585 
166 3.1184 0.512 1.199 3.33E+00 0.522 0.584 
167 3.1184 0.511 1.198 3.32E+00 0.522 0.584 
168 3.11839 0.51 1.197 3.32E+00 0.522 0.584 
169 3.1128 0.511 1.198 3.31E+00 0.521 0.583 
170 3.1128 0.51 1.197 3.31E+00 0.521 0.583 
171 3.1128 0.51 1.197 3.30E+00 0.521 0.583 
172 3.10721 0.51 1.197 3.30E+00 0.52 0.582 
173 3.1072 0.509 1.196 3.29E+00 0.52 0.582 
174 3.1072 0.509 1.196 3.29E+00 0.52 0.582 
175 3.1016 0.509 1.196 3.29E+00 0.519 0.581 
176 3.1016 0.508 1.195 3.28E+00 0.519 0.581 
177 3.10159 0.508 1.195 3.28E+00 0.519 0.581 
178 3.096 0.508 1.195 3.27E+00 0.518 0.58 
179 3.096 0.508 1.195 3.27E+00 0.518 0.58 
180 3.096 0.507 1.194 3.27E+00 0.518 0.58 
181 3.096 0.507 1.194 3.26E+00 0.518 0.58 
182 3.096 0.507 1.194 3.26E+00 0.518 0.58 
183 3.096 0.507 1.194 3.26E+00 0.517 0.579 
184 3.096 0.507 1.194 3.25E+00 0.517 0.579 
185 3.096 0.506 1.193 3.25E+00 0.517 0.579 
186 3.096 0.506 1.193 3.24E+00 0.517 0.579 
187 3.096 0.507 1.194 3.24E+00 0.516 0.578 
188 3.096 0.506 1.193 3.24E+00 0.516 0.578 
189 3.096 0.506 1.193 3.23E+00 0.516 0.578 
190 3.096 0.506 1.193 3.23E+00 0.516 0.578 
191 3.096 0.506 1.193 3.23E+00 0.516 0.578 
192 3.096 0.506 1.193 3.22E+00 0.516 0.578 
193 3.096 0.506 1.193 3.22E+00 0.515 0.577 
194 3.096 0.506 1.193 3.21E+00 0.515 0.577 
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195 3.096 0.506 1.193 3.21E+00 0.515 0.577 
196 3.096 0.505 1.192 3.21E+00 0.515 0.577 
197 3.096 0.505 1.192 3.21E+00 0.515 0.577 
198 3.096 0.506 1.193 3.21E+00 0.514 0.576 
199 3.096 0.505 1.192 3.20E+00 0.514 0.576 
200 3.096 0.505 1.192 3.20E+00 0.514 0.576 
201 3.096 0.505 1.192 3.20E+00 0.514 0.576 
202 3.096 0.505 1.192 3.19E+00 0.514 0.576 
203 3.096 0.505 1.192 3.19E+00 0.514 0.576 
204 3.096 0.505 1.192 3.19E+00 0.513 0.575 
205 3.096 0.505 1.192 3.19E+00 0.513 0.575 
206 3.096 0.505 1.192 3.18E+00 0.513 0.575 
207 3.096 0.505 1.192 3.18E+00 0.513 0.575 
208 3.096 0.504 1.191 3.18E+00 0.513 0.575 
209 3.096 0.504 1.191 3.18E+00 0.513 0.575 
210 3.096 0.504 1.191 3.18E+00 0.513 0.575 
211 3.096 0.504 1.191 3.17E+00 0.513 0.575 
212 3.096 0.504 1.191 3.17E+00 0.513 0.575 
213 3.096 0.505 1.192 3.17E+00 0.512 0.574 
214 3.096 0.505 1.192 3.17E+00 0.512 0.574 
215 3.096 0.504 1.191 3.16E+00 0.512 0.574 
216 3.096 0.504 1.191 3.16E+00 0.512 0.574 
217 3.096 0.504 1.191 3.16E+00 0.512 0.574 
218 3.096 0.504 1.191 3.16E+00 0.512 0.574 
219 3.096 0.505 1.192 3.16E+00 0.511 0.573 
220 3.096 0.504 1.191 3.15E+00 0.511 0.573 
221 3.096 0.504 1.191 3.15E+00 0.511 0.573 
222 3.096 0.504 1.191 3.15E+00 0.511 0.573 
223 3.096 0.504 1.191 3.15E+00 0.511 0.573 
224 3.096 0.504 1.191 3.15E+00 0.511 0.573 
225 3.096 0.505 1.192 3.15E+00 0.51 0.572 
226 3.096 0.504 1.191 3.15E+00 0.51 0.572 
227 3.096 0.504 1.191 3.15E+00 0.51 0.572 
228 3.096 0.504 1.191 3.15E+00 0.51 0.572 
229 3.096 0.504 1.191 3.15E+00 0.51 0.572 
230 3.096 0.504 1.191 3.14E+00 0.51 0.572 
231 3.096 0.504 1.191 3.14E+00 0.509 0.571 
232 3.096 0.504 1.191 3.14E+00 0.509 0.571 
233 3.096 0.504 1.191 3.14E+00 0.509 0.571 
234 3.096 0.504 1.191 3.14E+00 0.509 0.571 
235 3.096 0.504 1.191 3.14E+00 0.509 0.571 
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236 3.096 0.504 1.191 3.14E+00 0.509 0.571 
237 3.096 0.504 1.191 3.14E+00 0.508 0.57 
238 3.096 0.504 1.191 3.13E+00 0.508 0.57 
239 3.096 0.504 1.191 3.13E+00 0.508 0.57 
 
 
X=25 
FEQ Upstream Downstream 
t (s) Q (cfs) Y (ft)  Elev (ft) Q (cfs) Y (ft)  Elev (ft) 
0 3.33541 0.514 1.201 3.09E+00 0.498 0.56 
1 3.57472 0.526 1.213 3.09E+00 0.498 0.56 
2 3.81499 0.538 1.225 3.09E+00 0.498 0.56 
3 4.05451 0.55 1.237 3.09E+00 0.498 0.56 
4 4.83619 0.585 1.272 3.09E+00 0.498 0.56 
5 4.95266 0.595 1.282 3.09E+00 0.498 0.56 
6 5.06922 0.604 1.291 3.09E+00 0.498 0.56 
7 5.14666 0.611 1.298 3.09E+00 0.498 0.56 
8 5.2241 0.618 1.305 3.09E+00 0.498 0.56 
9 5.30144 0.625 1.312 3.09E+00 0.498 0.56 
10 5.16222 0.627 1.314 3.09E+00 0.498 0.56 
11 5.02237 0.627 1.314 3.09E+00 0.498 0.56 
12 4.99679 0.63 1.317 3.09E+00 0.498 0.56 
13 4.96631 0.631 1.318 3.09E+00 0.498 0.56 
14 4.95421 0.633 1.32 3.09E+00 0.498 0.56 
15 4.92014 0.634 1.321 3.09E+00 0.498 0.56 
16 4.88338 0.634 1.321 3.09E+00 0.498 0.56 
17 4.8607 0.635 1.322 3.09E+00 0.498 0.56 
18 4.83522 0.636 1.323 3.10E+00 0.498 0.56 
19 4.81264 0.636 1.323 3.10E+00 0.498 0.56 
20 4.74171 0.636 1.323 3.12E+00 0.498 0.56 
21 4.67108 0.635 1.322 3.15E+00 0.498 0.56 
22 4.62292 0.634 1.321 3.20E+00 0.498 0.56 
23 4.57765 0.633 1.32 3.28E+00 0.498 0.56 
24 4.52941 0.632 1.319 3.38E+00 0.498 0.56 
25 4.47615 0.63 1.317 3.50E+00 0.506 0.568 
26 4.4139 0.629 1.316 3.63E+00 0.513 0.575 
27 4.35325 0.627 1.314 3.60E+00 0.528 0.59 
28 4.30917 0.626 1.313 3.61E+00 0.533 0.595 
29 4.26161 0.623 1.31 3.72E+00 0.538 0.6 
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30 4.18489 0.622 1.309 3.76E+00 0.538 0.6 
31 4.16191 0.619 1.306 3.78E+00 0.538 0.6 
32 4.12774 0.618 1.305 3.86E+00 0.541 0.603 
33 4.09704 0.618 1.305 3.91E+00 0.544 0.606 
34 4.0631 0.615 1.302 3.91E+00 0.548 0.61 
35 4.057 0.612 1.299 3.92E+00 0.55 0.612 
36 4.0509 0.611 1.298 3.93E+00 0.552 0.614 
37 4.04481 0.612 1.299 3.96E+00 0.554 0.616 
38 4.03859 0.611 1.298 3.98E+00 0.556 0.618 
39 4.0325 0.609 1.296 3.99E+00 0.558 0.62 
40 4.0264 0.607 1.294 4.00E+00 0.559 0.621 
41 4.02031 0.606 1.293 4.01E+00 0.56 0.622 
42 4.01419 0.605 1.292 4.01E+00 0.561 0.623 
43 4.008 0.605 1.292 4.02E+00 0.562 0.624 
44 4.0019 0.604 1.291 4.03E+00 0.563 0.625 
45 3.92326 0.601 1.288 4.03E+00 0.564 0.626 
46 3.84502 0.598 1.285 4.03E+00 0.565 0.627 
47 3.78803 0.596 1.283 4.03E+00 0.566 0.628 
48 3.73418 0.593 1.28 4.04E+00 0.567 0.629 
49 3.67802 0.59 1.277 4.04E+00 0.568 0.63 
50 3.67231 0.589 1.276 4.04E+00 0.569 0.631 
51 3.66659 0.588 1.275 4.04E+00 0.57 0.632 
52 3.6609 0.586 1.273 4.04E+00 0.571 0.633 
53 3.6551 0.585 1.272 4.04E+00 0.572 0.634 
54 3.6494 0.583 1.27 4.04E+00 0.573 0.635 
55 3.64371 0.582 1.269 4.03E+00 0.574 0.636 
56 3.63799 0.581 1.268 4.02E+00 0.575 0.637 
57 3.6323 0.579 1.266 4.01E+00 0.576 0.638 
58 3.6266 0.578 1.265 3.99E+00 0.577 0.639 
59 3.62091 0.577 1.264 3.95E+00 0.578 0.64 
60 3.61509 0.575 1.262 3.94E+00 0.578 0.64 
61 3.6094 0.575 1.262 3.96E+00 0.578 0.64 
62 3.6037 0.574 1.261 3.94E+00 0.578 0.64 
63 3.598 0.573 1.26 3.93E+00 0.578 0.64 
64 3.59231 0.571 1.258 3.93E+00 0.578 0.64 
65 3.58659 0.57 1.257 3.94E+00 0.578 0.64 
66 3.5808 0.569 1.256 3.92E+00 0.578 0.64 
67 3.5751 0.568 1.255 3.92E+00 0.578 0.64 
68 3.56941 0.567 1.254 3.92E+00 0.578 0.64 
69 3.56368 0.566 1.253 3.91E+00 0.578 0.64 
70 3.55229 0.565 1.252 3.90E+00 0.578 0.64 
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71 3.5408 0.564 1.251 3.90E+00 0.577 0.639 
72 3.52941 0.563 1.25 3.89E+00 0.577 0.639 
73 3.51802 0.562 1.249 3.88E+00 0.576 0.638 
74 3.50649 0.561 1.248 3.88E+00 0.576 0.638 
75 3.5008 0.56 1.247 3.87E+00 0.575 0.637 
76 3.4894 0.559 1.246 3.86E+00 0.575 0.637 
77 3.48371 0.558 1.245 3.85E+00 0.574 0.636 
78 3.47229 0.557 1.244 3.85E+00 0.574 0.636 
79 3.4665 0.556 1.243 3.84E+00 0.573 0.635 
80 3.4608 0.555 1.242 3.84E+00 0.573 0.635 
81 3.4551 0.554 1.241 3.83E+00 0.573 0.635 
82 3.4551 0.553 1.24 3.82E+00 0.572 0.634 
83 3.44939 0.552 1.239 3.81E+00 0.572 0.634 
84 3.4437 0.552 1.239 3.80E+00 0.572 0.634 
85 3.438 0.551 1.238 3.79E+00 0.572 0.634 
86 3.43231 0.55 1.237 3.79E+00 0.571 0.633 
87 3.43229 0.549 1.236 3.78E+00 0.571 0.633 
88 3.4265 0.548 1.235 3.77E+00 0.571 0.633 
89 3.4208 0.548 1.235 3.76E+00 0.571 0.633 
90 3.4151 0.547 1.234 3.75E+00 0.571 0.633 
91 3.4151 0.546 1.233 3.75E+00 0.57 0.632 
92 3.40939 0.546 1.233 3.75E+00 0.57 0.632 
93 3.4037 0.545 1.232 3.73E+00 0.57 0.632 
94 3.4037 0.545 1.232 3.72E+00 0.57 0.632 
95 3.39801 0.544 1.231 3.72E+00 0.569 0.631 
96 3.39229 0.543 1.23 3.72E+00 0.569 0.631 
97 3.3865 0.543 1.23 3.70E+00 0.569 0.631 
98 3.3865 0.542 1.229 3.70E+00 0.568 0.63 
99 3.3808 0.541 1.228 3.70E+00 0.568 0.63 
100 3.36942 0.541 1.228 3.70E+00 0.566 0.628 
101 3.36369 0.54 1.227 3.67E+00 0.564 0.626 
102 3.3523 0.539 1.226 3.67E+00 0.562 0.624 
103 3.3465 0.539 1.226 3.66E+00 0.56 0.622 
104 3.33511 0.538 1.225 3.65E+00 0.558 0.62 
105 3.3351 0.537 1.224 3.64E+00 0.557 0.619 
106 3.3351 0.537 1.224 3.64E+00 0.557 0.619 
107 3.3351 0.536 1.223 3.64E+00 0.556 0.618 
108 3.3351 0.536 1.223 3.64E+00 0.555 0.617 
109 3.3351 0.535 1.222 3.63E+00 0.555 0.617 
110 3.3351 0.535 1.222 3.62E+00 0.554 0.616 
111 3.3351 0.534 1.221 3.62E+00 0.553 0.615 
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112 3.3351 0.534 1.221 3.62E+00 0.553 0.615 
113 3.3351 0.534 1.221 3.61E+00 0.552 0.614 
114 3.3351 0.533 1.22 3.60E+00 0.551 0.613 
115 3.3351 0.533 1.22 3.60E+00 0.551 0.613 
116 3.3351 0.533 1.22 3.59E+00 0.55 0.612 
117 3.3351 0.532 1.219 3.59E+00 0.549 0.611 
118 3.3351 0.532 1.219 3.58E+00 0.549 0.611 
119 3.33509 0.532 1.219 3.58E+00 0.548 0.61 
120 3.327 0.531 1.218 3.57E+00 0.547 0.609 
121 3.3247 0.531 1.218 3.57E+00 0.547 0.609 
122 3.31661 0.531 1.218 3.56E+00 0.546 0.608 
123 3.3085 0.53 1.217 3.56E+00 0.545 0.607 
124 3.30609 0.53 1.217 3.55E+00 0.545 0.607 
125 3.2981 0.529 1.216 3.55E+00 0.544 0.606 
126 3.29001 0.529 1.216 3.54E+00 0.543 0.605 
127 3.2877 0.528 1.215 3.54E+00 0.543 0.605 
128 3.27959 0.528 1.215 3.53E+00 0.542 0.604 
129 3.2716 0.527 1.214 3.53E+00 0.541 0.603 
130 3.2692 0.527 1.214 3.52E+00 0.541 0.603 
131 3.26121 0.526 1.213 3.52E+00 0.54 0.602 
132 3.2532 0.526 1.213 3.52E+00 0.539 0.601 
133 3.25089 0.525 1.212 3.51E+00 0.539 0.601 
134 3.2429 0.525 1.212 3.50E+00 0.538 0.6 
135 3.23491 0.524 1.211 3.50E+00 0.537 0.599 
136 3.2326 0.524 1.211 3.49E+00 0.537 0.599 
137 3.22459 0.523 1.21 3.48E+00 0.536 0.598 
138 3.2166 0.523 1.21 3.48E+00 0.535 0.597 
139 3.2143 0.522 1.209 3.47E+00 0.535 0.597 
140 3.20631 0.522 1.209 3.47E+00 0.534 0.596 
141 3.1984 0.521 1.208 3.46E+00 0.533 0.595 
142 3.19609 0.521 1.208 3.46E+00 0.533 0.595 
143 3.1881 0.52 1.207 3.45E+00 0.532 0.594 
144 3.18021 0.52 1.207 3.45E+00 0.531 0.593 
145 3.1779 0.519 1.206 3.44E+00 0.531 0.593 
146 3.16999 0.519 1.206 3.43E+00 0.53 0.592 
147 3.1621 0.518 1.205 3.43E+00 0.529 0.591 
148 3.1598 0.518 1.205 3.42E+00 0.529 0.591 
149 3.15191 0.517 1.204 3.42E+00 0.528 0.59 
150 3.15189 0.517 1.204 3.41E+00 0.528 0.59 
151 3.1463 0.516 1.203 3.41E+00 0.527 0.589 
152 3.1463 0.516 1.203 3.40E+00 0.527 0.589 
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153 3.1463 0.516 1.203 3.39E+00 0.527 0.589 
154 3.14071 0.515 1.202 3.38E+00 0.526 0.588 
155 3.1407 0.515 1.202 3.38E+00 0.526 0.588 
156 3.1407 0.514 1.201 3.38E+00 0.526 0.588 
157 3.1351 0.514 1.201 3.37E+00 0.525 0.587 
158 3.1351 0.514 1.201 3.37E+00 0.525 0.587 
159 3.13509 0.513 1.2 3.36E+00 0.525 0.587 
160 3.1295 0.513 1.2 3.35E+00 0.524 0.586 
161 3.1295 0.513 1.2 3.35E+00 0.524 0.586 
162 3.1295 0.512 1.199 3.34E+00 0.524 0.586 
163 3.12401 0.512 1.199 3.34E+00 0.523 0.585 
164 3.124 0.512 1.199 3.34E+00 0.523 0.585 
165 3.124 0.511 1.198 3.33E+00 0.523 0.585 
166 3.1184 0.511 1.198 3.32E+00 0.522 0.584 
167 3.1184 0.511 1.198 3.32E+00 0.522 0.584 
168 3.11839 0.511 1.198 3.31E+00 0.522 0.584 
169 3.1128 0.51 1.197 3.31E+00 0.521 0.583 
170 3.1128 0.51 1.197 3.30E+00 0.521 0.583 
171 3.1128 0.51 1.197 3.30E+00 0.521 0.583 
172 3.10721 0.509 1.196 3.30E+00 0.52 0.582 
173 3.1072 0.509 1.196 3.29E+00 0.52 0.582 
174 3.1072 0.509 1.196 3.29E+00 0.52 0.582 
175 3.1016 0.508 1.195 3.28E+00 0.519 0.581 
176 3.1016 0.508 1.195 3.28E+00 0.519 0.581 
177 3.10159 0.508 1.195 3.28E+00 0.519 0.581 
178 3.096 0.508 1.195 3.27E+00 0.518 0.58 
179 3.096 0.507 1.194 3.27E+00 0.518 0.58 
180 3.096 0.507 1.194 3.26E+00 0.518 0.58 
181 3.096 0.507 1.194 3.26E+00 0.518 0.58 
182 3.096 0.507 1.194 3.25E+00 0.518 0.58 
183 3.096 0.507 1.194 3.25E+00 0.517 0.579 
184 3.096 0.507 1.194 3.25E+00 0.517 0.579 
185 3.096 0.506 1.193 3.25E+00 0.517 0.579 
186 3.096 0.506 1.193 3.24E+00 0.517 0.579 
187 3.096 0.506 1.193 3.24E+00 0.516 0.578 
188 3.096 0.506 1.193 3.23E+00 0.516 0.578 
189 3.096 0.506 1.193 3.23E+00 0.516 0.578 
190 3.096 0.506 1.193 3.22E+00 0.516 0.578 
191 3.096 0.506 1.193 3.22E+00 0.516 0.578 
192 3.096 0.506 1.193 3.22E+00 0.516 0.578 
193 3.096 0.506 1.193 3.22E+00 0.515 0.577 
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194 3.096 0.506 1.193 3.21E+00 0.515 0.577 
195 3.096 0.506 1.193 3.21E+00 0.515 0.577 
196 3.096 0.505 1.192 3.20E+00 0.515 0.577 
197 3.096 0.505 1.192 3.20E+00 0.515 0.577 
198 3.096 0.505 1.192 3.20E+00 0.514 0.576 
199 3.096 0.505 1.192 3.20E+00 0.514 0.576 
200 3.096 0.505 1.192 3.20E+00 0.514 0.576 
201 3.096 0.505 1.192 3.20E+00 0.514 0.576 
202 3.096 0.505 1.192 3.19E+00 0.514 0.576 
203 3.096 0.505 1.192 3.19E+00 0.514 0.576 
204 3.096 0.505 1.192 3.18E+00 0.513 0.575 
205 3.096 0.505 1.192 3.18E+00 0.513 0.575 
206 3.096 0.505 1.192 3.18E+00 0.513 0.575 
207 3.096 0.505 1.192 3.18E+00 0.513 0.575 
208 3.096 0.505 1.192 3.18E+00 0.513 0.575 
209 3.096 0.505 1.192 3.17E+00 0.513 0.575 
210 3.096 0.505 1.192 3.17E+00 0.513 0.575 
211 3.096 0.504 1.191 3.16E+00 0.513 0.575 
212 3.096 0.504 1.191 3.16E+00 0.513 0.575 
213 3.096 0.504 1.191 3.17E+00 0.512 0.574 
214 3.096 0.504 1.191 3.16E+00 0.512 0.574 
215 3.096 0.504 1.191 3.16E+00 0.512 0.574 
216 3.096 0.504 1.191 3.16E+00 0.512 0.574 
217 3.096 0.504 1.191 3.16E+00 0.512 0.574 
218 3.096 0.504 1.191 3.15E+00 0.512 0.574 
219 3.096 0.504 1.191 3.16E+00 0.511 0.573 
220 3.096 0.504 1.191 3.15E+00 0.511 0.573 
221 3.096 0.504 1.191 3.15E+00 0.511 0.573 
222 3.096 0.504 1.191 3.15E+00 0.511 0.573 
223 3.096 0.504 1.191 3.15E+00 0.511 0.573 
224 3.096 0.504 1.191 3.15E+00 0.511 0.573 
225 3.096 0.504 1.191 3.15E+00 0.51 0.572 
226 3.096 0.504 1.191 3.14E+00 0.51 0.572 
227 3.096 0.504 1.191 3.14E+00 0.51 0.572 
228 3.096 0.504 1.191 3.14E+00 0.51 0.572 
229 3.096 0.504 1.191 3.14E+00 0.51 0.572 
230 3.096 0.504 1.191 3.14E+00 0.51 0.572 
231 3.096 0.504 1.191 3.15E+00 0.509 0.571 
232 3.096 0.504 1.191 3.14E+00 0.509 0.571 
233 3.096 0.504 1.191 3.14E+00 0.509 0.571 
234 3.096 0.504 1.191 3.14E+00 0.509 0.571 
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235 3.096 0.504 1.191 3.13E+00 0.509 0.571 
236 3.096 0.504 1.191 3.13E+00 0.509 0.571 
237 3.096 0.504 1.191 3.14E+00 0.508 0.57 
238 3.096 0.504 1.191 3.13E+00 0.508 0.57 
239 3.096 0.504 1.191 3.13E+00 0.508 0.57 
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APPENDIX E: 
HEC-RAS OUTPUT FOR COE DAM BREAK MODEL 
 
X=1 
RAS Upstream Downstream 
t (s) Q (cfs) WSE (ft) Q (cfs) WSE (ft) 
0 3.33627 1.196528 2.873568 0.56 
1 3.575579 1.200144 2.671371 0.56 
2 3.814988 1.205454 2.487569 0.56 
3 4.05742 1.212406 2.319432 0.56 
4 4.840192 1.225235 1.633064 0.56 
5 4.955569 1.238408 1.662261 0.56 
6 5.07033 1.251798 1.722765 0.56 
7 5.147215 1.264978 1.852245 0.56 
8 5.2241 1.277873 2.000309 0.56 
9 5.297625 1.290414 2.162497 0.56 
10 5.15923 1.300917 2.533427 0.56 
11 5.022095 1.309546 2.864709 0.56 
12 4.996675 1.317332 3.050222 0.56 
13 4.965916 1.324328 3.216907 0.56 
14 4.95339 1.330757 3.346153 0.56 
15 4.919616 1.336529 3.476561 0.56 
16 4.88322 1.341703 3.589857 0.56 
17 4.8607 1.346448 3.674282 0.56 
18 4.834572 1.350787 3.749848 0.56 
19 4.811195 1.354782 3.812436 0.56 
20 4.740958 1.358127 3.904925 0.56 
21 4.670902 1.360888 3.980545 0.56 
22 4.621462 1.363269 4.026075 0.56 
23 4.576455 1.36533 4.06143 0.56 
24 4.528654 1.366939 4.094469 0.560127 
25 4.475706 1.360384 4.132457 0.568056 
26 4.4139 1.354388 4.176665 0.575 
27 4.351975 1.33978 4.219245 0.590139 
28 4.30816 1.33509 4.240689 0.595099 
29 4.260786 1.330183 4.262326 0.6 
30 4.184805 1.329695 4.306909 0.6 
31 4.160814 1.329044 4.299517 0.600095 
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32 4.126971 1.32537 4.301615 0.603071 
33 4.09656 1.321562 4.30039 0.606064 
34 4.063051 1.316658 4.300956 0.610016 
35 4.057 1.313789 4.278385 0.612 
36 4.049318 1.310426 4.260228 0.614519 
37 4.043652 1.307778 4.242742 0.61637 
38 4.037922 1.30517 4.227157 0.618222 
39 4.032161 1.302613 4.212893 0.620056 
40 4.024593 1.300664 4.201695 0.621296 
41 4.018944 1.299055 4.189822 0.622222 
42 4.013282 1.297466 4.178897 0.623148 
43 4.007548 1.295894 4.169065 0.624074 
44 4.0019 1.294337 4.15977 0.625 
45 3.9029 1.291754 4.233874 0.626259 
46 3.834381 1.289094 4.267918 0.627185 
47 3.782111 1.286174 4.280624 0.628111 
48 3.731078 1.283 4.288501 0.629056 
49 3.676311 1.279279 4.29625 0.630296 
50 3.671033 1.276011 4.256498 0.631222 
51 3.665756 1.272867 4.220212 0.632148 
52 3.66047 1.269837 4.18664 0.633074 
53 3.6551 1.26691 4.155275 0.634 
54 3.647922 1.263736 4.12679 0.635259 
55 3.642644 1.260989 4.097834 0.636185 
56 3.637367 1.258332 4.070034 0.637111 
57 3.631983 1.255743 4.043249 0.638056 
58 3.624911 1.252928 4.018285 0.639296 
59 3.619611 1.250733 3.992692 0.64 
60 3.614255 1.249312 3.969372 0.64 
61 3.608978 1.247956 3.948032 0.64 
62 3.6037 1.246657 3.928339 0.64 
63 3.596522 1.245396 3.911852 0.64 
64 3.591244 1.244183 3.894601 0.64 
65 3.585956 1.243013 3.878435 0.64 
66 3.580483 1.241881 3.863384 0.64 
67 3.573411 1.240772 3.85066 0.64 
68 3.568133 1.239697 3.836787 0.64 
69 3.562011 1.238648 3.824379 0.64 
70 3.551448 1.23766 3.816849 0.639926 
71 3.5408 1.237505 3.811178 0.639 
72 3.526444 1.236634 3.80885 0.638741 
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73 3.51587 1.236225 3.803479 0.638 
74 3.505867 1.235172 3.796915 0.637889 
75 3.500167 1.234912 3.787421 0.637 
76 3.487711 1.234021 3.784318 0.636704 
77 3.481167 1.233546 3.775864 0.636 
78 3.471441 1.2325 3.769981 0.635852 
79 3.466078 1.232173 3.760783 0.635 
80 3.4608 1.231014 3.750741 0.635 
81 3.4551 1.230128 3.741262 0.634741 
82 3.454045 1.229772 3.728354 0.634 
83 3.448767 1.22869 3.719186 0.634 
84 3.443383 1.227624 3.709781 0.634 
85 3.436311 1.226857 3.702333 0.633704 
86 3.4323 1.226518 3.692838 0.633 
87 3.431441 1.225525 3.679811 0.633 
88 3.426078 1.224544 3.671216 0.633 
89 3.4208 1.223578 3.66232 0.633 
90 3.4151 1.222881 3.654222 0.632741 
91 3.414045 1.222706 3.642894 0.632 
92 3.408767 1.2218 3.635402 0.632 
93 3.4037 1.220905 3.627432 0.632 
94 3.402011 1.220342 3.616649 0.631704 
95 3.396733 1.22019 3.610789 0.631 
96 3.391441 1.219339 3.604282 0.631 
97 3.3865 1.21857 3.597256 0.630926 
98 3.3865 1.218693 3.58715 0.63 
99 3.377844 1.218378 3.586107 0.629482 
100 3.368345 1.219349 3.588667 0.62763 
101 3.362433 1.220293 3.589315 0.625778 
102 3.351978 1.221207 3.595734 0.623889 
103 3.343122 1.222652 3.602225 0.621407 
104 3.3351 1.223192 3.607635 0.619778 
105 3.3351 1.222896 3.603543 0.619 
106 3.3351 1.22192 3.597548 0.618926 
107 3.3351 1.221819 3.591928 0.618 
108 3.3351 1.221813 3.586583 0.617 
109 3.3351 1.221019 3.579911 0.616815 
110 3.3351 1.220989 3.573898 0.615889 
111 3.3351 1.220946 3.568199 0.615 
112 3.3351 1.220336 3.561673 0.614704 
113 3.3351 1.220379 3.555925 0.613778 
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114 3.3351 1.220295 3.550397 0.613 
115 3.3351 1.219534 3.543789 0.612926 
116 3.3351 1.219648 3.538209 0.612 
117 3.3351 1.219855 3.533415 0.611 
118 3.3351 1.219269 3.527712 0.610815 
119 3.3342 1.219437 3.523828 0.609889 
120 3.326872 1.219527 3.526471 0.609 
121 3.3223 1.219012 3.525099 0.608704 
122 3.3148 1.21909 3.526921 0.607778 
123 3.308145 1.21899 3.527474 0.607 
124 3.305507 1.218196 3.522618 0.606926 
125 3.2981 1.218222 3.523096 0.606 
126 3.289404 1.21828 3.524846 0.605 
127 3.2862 1.217531 3.519762 0.604815 
128 3.278711 1.217494 3.519445 0.603889 
129 3.271467 1.217394 3.518751 0.603 
130 3.26683 1.2167 3.514413 0.602704 
131 3.259422 1.21661 3.513228 0.601778 
132 3.252859 1.216356 3.510936 0.601 
133 3.250308 1.215417 3.503501 0.600926 
134 3.2429 1.215308 3.501592 0.6 
135 3.234304 1.215242 3.500963 0.599 
136 3.231118 1.214376 3.493802 0.598815 
137 3.223711 1.214231 3.491444 0.597889 
138 3.216472 1.21403 3.488896 0.597 
139 3.21193 1.213243 3.482791 0.596704 
140 3.204545 1.213067 3.479997 0.595778 
141 3.198059 1.212733 3.476149 0.595 
142 3.195508 1.211719 3.467403 0.594926 
143 3.1881 1.211541 3.464238 0.594 
144 3.179604 1.21141 3.462313 0.593 
145 3.176437 1.210484 3.454077 0.592815 
146 3.169122 1.210284 3.450619 0.591889 
147 3.161972 1.210033 3.447039 0.591 
148 3.157459 1.209199 3.440066 0.590704 
149 3.1519 1.208773 3.434408 0.59 
150 3.15107 1.207831 3.423515 0.589852 
151 3.1463 1.207598 3.417453 0.589 
152 3.1463 1.20656 3.405942 0.589 
153 3.144848 1.205814 3.39617 0.588741 
154 3.1407 1.205557 3.389897 0.588 
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155 3.1407 1.204605 3.378947 0.588 
156 3.140389 1.203748 3.368398 0.587944 
157 3.1351 1.203776 3.364156 0.587 
158 3.1351 1.202901 3.353976 0.587 
159 3.13427 1.202207 3.344847 0.586852 
160 3.1295 1.202213 3.340809 0.586 
161 3.1295 1.201406 3.331399 0.586 
162 3.128074 1.200882 3.323783 0.585741 
163 3.124 1.20084 3.319723 0.585 
164 3.124 1.200092 3.311041 0.585 
165 3.123689 1.199431 3.302738 0.584944 
166 3.1184 1.199646 3.300783 0.584 
167 3.1184 1.198948 3.292819 0.584 
168 3.11757 1.198423 3.28585 0.583852 
169 3.1128 1.198591 3.283956 0.583 
170 3.1128 1.197935 3.276599 0.583 
171 3.111348 1.197556 3.270992 0.582741 
172 3.1072 1.19765 3.268933 0.582 
173 3.1072 1.19703 3.262082 0.582 
174 3.106889 1.196491 3.255525 0.581945 
175 3.1016 1.196821 3.255267 0.581 
176 3.1016 1.196232 3.248911 0.581 
177 3.10077 1.195809 3.243471 0.580852 
178 3.096 1.196073 3.243044 0.58 
179 3.096 1.195509 3.237076 0.58 
180 3.096 1.194969 3.230959 0.58 
181 3.096 1.194454 3.22478 0.58 
182 3.096 1.194074 3.218807 0.579889 
183 3.096 1.194489 3.214429 0.579 
184 3.096 1.194034 3.209561 0.579 
185 3.096 1.1936 3.204574 0.579 
186 3.096 1.193333 3.199808 0.578852 
187 3.096 1.193783 3.196504 0.578 
188 3.096 1.193396 3.192668 0.578 
189 3.096 1.193026 3.188663 0.578 
190 3.096 1.192671 3.184561 0.578 
191 3.096 1.192334 3.180423 0.578 
192 3.096 1.192068 3.176397 0.577945 
193 3.096 1.1927 3.174126 0.577 
194 3.096 1.192398 3.171299 0.577 
195 3.096 1.192109 3.1683 0.577 
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196 3.096 1.191832 3.165195 0.577 
197 3.096 1.191568 3.162037 0.577 
198 3.096 1.192309 3.160718 0.576 
199 3.096 1.192058 3.15876 0.576 
200 3.096 1.191816 3.156574 0.576 
201 3.096 1.191583 3.15423 0.576 
202 3.096 1.19136 3.151785 0.576 
203 3.096 1.191367 3.149694 0.575778 
204 3.096 1.191934 3.148874 0.575 
205 3.096 1.191728 3.147489 0.575 
206 3.096 1.191528 3.14587 0.575 
207 3.096 1.191336 3.144082 0.575 
208 3.096 1.191151 3.14218 0.575 
209 3.096 1.190974 3.140206 0.575 
210 3.096 1.190806 3.138195 0.575 
211 3.096 1.190645 3.136175 0.575 
212 3.096 1.190713 3.13458 0.574778 
213 3.096 1.191337 3.134313 0.574 
214 3.096 1.191187 3.13351 0.574 
215 3.096 1.191041 3.132493 0.574 
216 3.096 1.1909 3.131315 0.574 
217 3.096 1.190764 3.130025 0.574 
218 3.096 1.190744 3.128862 0.573889 
219 3.096 1.1915 3.129218 0.573 
220 3.096 1.191368 3.128928 0.573 
221 3.096 1.191238 3.128362 0.573 
222 3.096 1.191112 3.127584 0.573 
223 3.096 1.190989 3.126648 0.573 
224 3.096 1.190871 3.125597 0.573 
225 3.096 1.19175 3.12629 0.572 
226 3.096 1.191629 3.126264 0.572 
227 3.096 1.191509 3.125935 0.572 
228 3.096 1.191392 3.12537 0.572 
229 3.096 1.191277 3.124626 0.572 
230 3.096 1.191387 3.124147 0.571778 
231 3.096 1.192049 3.124821 0.571 
232 3.096 1.191934 3.124858 0.571 
233 3.096 1.19182 3.124593 0.571 
234 3.096 1.191707 3.124094 0.571 
235 3.096 1.191597 3.123416 0.571 
236 3.096 1.191601 3.122801 0.570889 
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237 3.096 1.19238 3.123591 0.57 
238 3.096 1.192269 3.123701 0.57 
239 3.096 1.192159 3.123507 0.57 
 
 
X=5 
RAS Upstream Downstream 
t (s) Q (cfs) WSE (ft) Q (cfs) WSE (ft) 
0 3.33627 1.20239 3.094611 0.56 
1 3.575579 1.214566 3.12545 0.56 
2 3.814988 1.226506 3.105187 0.56 
3 4.05742 1.239164 3.079411 0.56 
4 4.840192 1.277177 3.066748 0.56 
5 4.955569 1.283767 3.127913 0.56 
6 5.07033 1.290255 3.063006 0.56 
7 5.147215 1.297415 3.084455 0.56 
8 5.2241 1.304809 3.14251 0.56 
9 5.297625 1.311431 3.18095 0.56 
10 5.15923 1.307679 3.177234 0.56 
11 5.022095 1.305088 3.106486 0.56 
12 4.996675 1.3078 3.053262 0.56 
13 4.965916 1.309091 3.01381 0.56 
14 4.95339 1.31079 2.951149 0.56 
15 4.919616 1.311415 2.907114 0.56 
16 4.88322 1.311878 2.896574 0.56 
17 4.8607 1.312721 2.934219 0.56 
18 4.834572 1.312918 3.013801 0.56 
19 4.811195 1.312913 3.11593 0.56 
20 4.740958 1.310514 3.2321 0.56 
21 4.670902 1.308231 3.344828 0.56 
22 4.621462 1.306907 3.460508 0.56 
23 4.576455 1.305623 3.568419 0.56 
24 4.528654 1.304125 3.657372 0.560127 
25 4.475706 1.301367 3.651581 0.568056 
26 4.4139 1.300015 3.690789 0.575 
27 4.351975 1.297335 3.635633 0.590139 
28 4.30816 1.298198 3.73029 0.595099 
29 4.260786 1.296168 3.778011 0.6 
30 4.184805 1.292553 3.870281 0.6 
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31 4.160814 1.290218 3.931895 0.600095 
32 4.126971 1.286795 3.965857 0.603071 
33 4.09656 1.284441 3.997694 0.606064 
34 4.063051 1.282246 4.012986 0.610016 
35 4.057 1.282082 4.049153 0.612 
36 4.049318 1.281329 4.069396 0.614519 
37 4.043652 1.280835 4.090695 0.61637 
38 4.037922 1.280242 4.106778 0.618222 
39 4.032161 1.279656 4.120493 0.620056 
40 4.024593 1.279068 4.13799 0.621296 
41 4.018944 1.2785 4.151419 0.622222 
42 4.013282 1.277865 4.158101 0.623148 
43 4.007548 1.277261 4.159272 0.624074 
44 4.0019 1.276712 4.155802 0.625 
45 3.9029 1.271559 4.146891 0.626259 
46 3.834381 1.268299 4.129807 0.627185 
47 3.782111 1.265576 4.129997 0.628111 
48 3.731078 1.262548 4.124048 0.629056 
49 3.676311 1.259169 4.104312 0.630296 
50 3.671033 1.258363 4.085845 0.631222 
51 3.665756 1.25733 4.075862 0.632148 
52 3.66047 1.256253 4.061715 0.633074 
53 3.6551 1.255243 4.052676 0.634 
54 3.647922 1.254137 4.046978 0.635259 
55 3.642644 1.253258 4.05104 0.636185 
56 3.637367 1.252312 4.054489 0.637111 
57 3.631983 1.251379 4.054012 0.638056 
58 3.624911 1.250389 4.045119 0.639296 
59 3.619611 1.249699 4.038879 0.64 
60 3.614255 1.249016 4.034959 0.64 
61 3.608978 1.248193 4.023371 0.64 
62 3.6037 1.247405 4.008772 0.64 
63 3.596522 1.246578 3.992823 0.64 
64 3.591244 1.245897 3.975798 0.64 
65 3.585956 1.245234 3.959063 0.64 
66 3.580483 1.24457 3.942092 0.64 
67 3.573411 1.243828 3.925455 0.64 
68 3.568133 1.243181 3.909318 0.64 
69 3.562011 1.242482 3.894601 0.64 
70 3.551448 1.241562 3.881285 0.639926 
71 3.5408 1.240744 3.878454 0.639 
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72 3.526444 1.23945 3.86497 0.638741 
73 3.51587 1.238574 3.859735 0.638 
74 3.505867 1.237563 3.846143 0.637889 
75 3.500167 1.237024 3.843714 0.637 
76 3.487711 1.235896 3.83122 0.636704 
77 3.481167 1.235278 3.824265 0.636 
78 3.471441 1.234337 3.811906 0.635852 
79 3.466078 1.233827 3.809777 0.635 
80 3.4608 1.233034 3.795675 0.635 
81 3.4551 1.23243 3.787544 0.634741 
82 3.454045 1.23209 3.784724 0.634 
83 3.448767 1.23129 3.771273 0.634 
84 3.443383 1.230666 3.759328 0.634 
85 3.436311 1.230029 3.752454 0.633704 
86 3.4323 1.229521 3.749185 0.633 
87 3.431441 1.228961 3.735451 0.633 
88 3.426078 1.228332 3.724074 0.633 
89 3.4208 1.227763 3.711559 0.633 
90 3.4151 1.227219 3.703111 0.632741 
91 3.414045 1.226906 3.69983 0.632 
92 3.408767 1.226137 3.686097 0.632 
93 3.4037 1.225579 3.673885 0.632 
94 3.402011 1.225286 3.666819 0.631704 
95 3.396733 1.224777 3.664541 0.631 
96 3.391441 1.224077 3.650468 0.631 
97 3.3865 1.223592 3.640891 0.630926 
98 3.3865 1.223486 3.642609 0.63 
99 3.377844 1.222646 3.636377 0.629482 
100 3.368345 1.222055 3.645554 0.62763 
101 3.362433 1.221382 3.650614 0.625778 
102 3.351978 1.220468 3.655932 0.623889 
103 3.343122 1.219783 3.665993 0.621407 
104 3.3351 1.218948 3.662868 0.619778 
105 3.3351 1.218659 3.651189 0.619 
106 3.3351 1.218507 3.635455 0.618926 
107 3.3351 1.218625 3.632045 0.618 
108 3.3351 1.218488 3.626575 0.617 
109 3.3351 1.218117 3.611458 0.616815 
110 3.3351 1.217991 3.610407 0.615889 
111 3.3351 1.217664 3.607133 0.615 
112 3.3351 1.21723 3.59605 0.614704 
153 
 
113 3.3351 1.217049 3.5948 0.613778 
114 3.3351 1.216736 3.588847 0.613 
115 3.3351 1.216375 3.573779 0.612926 
116 3.3351 1.216345 3.571956 0.612 
117 3.3351 1.216154 3.56784 0.611 
118 3.3351 1.215822 3.552843 0.610815 
119 3.3342 1.215772 3.550727 0.609889 
120 3.326872 1.215238 3.54609 0.609 
121 3.3223 1.214779 3.533237 0.608704 
122 3.3148 1.214402 3.532756 0.607778 
123 3.308145 1.213902 3.527577 0.607 
124 3.305507 1.213523 3.514168 0.606926 
125 3.2981 1.213174 3.514892 0.606 
126 3.289404 1.212577 3.512053 0.605 
127 3.2862 1.212113 3.499176 0.604815 
128 3.278711 1.211706 3.500883 0.603889 
129 3.271467 1.211144 3.498397 0.603 
130 3.26683 1.210622 3.489068 0.602704 
131 3.259422 1.21018 3.490915 0.601778 
132 3.252859 1.209622 3.487948 0.601 
133 3.250308 1.209189 3.477069 0.600926 
134 3.2429 1.208784 3.480385 0.6 
135 3.234304 1.208135 3.479919 0.599 
136 3.231118 1.207613 3.46904 0.598815 
137 3.223711 1.207159 3.472 0.597889 
138 3.216472 1.206548 3.470094 0.597 
139 3.21193 1.205986 3.460745 0.596704 
140 3.204545 1.205507 3.462017 0.595778 
141 3.198059 1.204917 3.458089 0.595 
142 3.195508 1.20445 3.446105 0.594926 
143 3.1881 1.204014 3.44809 0.594 
144 3.179604 1.203339 3.446246 0.593 
145 3.176437 1.202788 3.434108 0.592815 
146 3.169122 1.20231 3.435757 0.591889 
147 3.161972 1.201678 3.432652 0.591 
148 3.157459 1.201093 3.42224 0.590704 
149 3.1519 1.200659 3.41979 0.59 
150 3.15107 1.200312 3.408607 0.589852 
151 3.1463 1.199968 3.408588 0.589 
152 3.1463 1.199595 3.394451 0.589 
153 3.144848 1.199368 3.388117 0.588741 
154 
 
154 3.1407 1.199023 3.38665 0.588 
155 3.1407 1.198665 3.373931 0.588 
156 3.140389 1.198464 3.366141 0.587944 
157 3.1351 1.198134 3.368759 0.587 
158 3.1351 1.19774 3.355097 0.587 
159 3.13427 1.197537 3.34824 0.586852 
160 3.1295 1.197228 3.349039 0.586 
161 3.1295 1.196887 3.335551 0.586 
162 3.128074 1.196706 3.329735 0.585741 
163 3.124 1.196422 3.32849 0.585 
164 3.124 1.19613 3.315763 0.585 
165 3.123689 1.196 3.307883 0.584944 
166 3.1184 1.195742 3.31063 0.584 
167 3.1184 1.195411 3.297486 0.584 
168 3.11757 1.195265 3.291495 0.583852 
169 3.1128 1.195003 3.293518 0.583 
170 3.1128 1.194699 3.281549 0.583 
171 3.111348 1.194547 3.277391 0.582741 
172 3.1072 1.194285 3.277886 0.582 
173 3.1072 1.194014 3.266924 0.582 
174 3.106889 1.193905 3.260765 0.581945 
175 3.1016 1.193666 3.265136 0.581 
176 3.1016 1.193352 3.253559 0.581 
177 3.10077 1.193223 3.249021 0.580852 
178 3.096 1.192977 3.252407 0.58 
179 3.096 1.192687 3.241753 0.58 
180 3.096 1.192589 3.235717 0.58 
181 3.096 1.192516 3.229846 0.58 
182 3.096 1.192453 3.225062 0.579889 
183 3.096 1.192468 3.229204 0.579 
184 3.096 1.192142 3.219964 0.579 
185 3.096 1.192033 3.214138 0.579 
186 3.096 1.191994 3.211065 0.578852 
187 3.096 1.192022 3.215597 0.578 
188 3.096 1.191737 3.206881 0.578 
189 3.096 1.191664 3.201077 0.578 
190 3.096 1.191636 3.196086 0.578 
191 3.096 1.191604 3.191077 0.578 
192 3.096 1.191568 3.186754 0.577945 
193 3.096 1.191639 3.192878 0.577 
194 3.096 1.191333 3.184391 0.577 
155 
 
195 3.096 1.191258 3.17925 0.577 
196 3.096 1.191236 3.175107 0.577 
197 3.096 1.191217 3.170961 0.577 
198 3.096 1.191339 3.178589 0.576 
199 3.096 1.191048 3.170453 0.576 
200 3.096 1.190994 3.165794 0.576 
201 3.096 1.190993 3.162238 0.576 
202 3.096 1.19099 3.158724 0.576 
203 3.096 1.191008 3.15784 0.575778 
204 3.096 1.191041 3.162741 0.575 
205 3.096 1.190803 3.156214 0.575 
206 3.096 1.190763 3.152586 0.575 
207 3.096 1.190766 3.149738 0.575 
208 3.096 1.190766 3.146842 0.575 
209 3.096 1.190756 3.143931 0.575 
210 3.096 1.190735 3.141181 0.575 
211 3.096 1.190705 3.138677 0.575 
212 3.096 1.190703 3.139022 0.574778 
213 3.096 1.190724 3.145155 0.574 
214 3.096 1.190486 3.139733 0.574 
215 3.096 1.190454 3.137038 0.574 
216 3.096 1.190471 3.134995 0.574 
217 3.096 1.19049 3.132826 0.574 
218 3.096 1.190516 3.131906 0.573889 
219 3.096 1.19062 3.13979 0.573 
220 3.096 1.190379 3.134098 0.573 
221 3.096 1.190354 3.131506 0.573 
222 3.096 1.190377 3.129754 0.573 
223 3.096 1.190397 3.127892 0.573 
224 3.096 1.190405 3.12593 0.573 
225 3.096 1.190551 3.135771 0.572 
226 3.096 1.190281 3.129879 0.572 
227 3.096 1.190248 3.127321 0.572 
228 3.096 1.19027 3.125701 0.572 
229 3.096 1.190292 3.123968 0.572 
230 3.096 1.190337 3.124717 0.571778 
231 3.096 1.190397 3.131109 0.571 
232 3.096 1.190185 3.126035 0.571 
233 3.096 1.190169 3.123789 0.571 
234 3.096 1.190195 3.122271 0.571 
235 3.096 1.190218 3.120652 0.571 
156 
 
236 3.096 1.190246 3.120259 0.570889 
237 3.096 1.190352 3.128575 0.57 
238 3.096 1.190113 3.123313 0.57 
239 3.096 1.190093 3.121125 0.57 
 
 
X=25 
RAS Upstream Downstream 
t (s) Q (cfs) WSE (ft) Q (cfs) WSE (ft) 
0 3.33627 1.203969 3.09884 0.56 
1 3.575579 1.215454 3.10041 0.56 
2 3.814988 1.227398 3.101809 0.56 
3 4.05742 1.239892 3.103023 0.56 
4 4.840192 1.27655 3.104055 0.56 
5 4.955569 1.283614 3.104949 0.56 
6 5.07033 1.291666 3.105733 0.56 
7 5.147215 1.298455 3.106414 0.56 
8 5.2241 1.305416 3.107 0.56 
9 5.297625 1.312132 3.107511 0.56 
10 5.15923 1.308984 3.107984 0.56 
11 5.022095 1.306579 3.108487 0.56 
12 4.996675 1.308806 3.109163 0.56 
13 4.965916 1.309834 3.110295 0.56 
14 4.95339 1.31152 3.112406 0.56 
15 4.919616 1.311933 3.116386 0.56 
16 4.88322 1.31215 3.123624 0.56 
17 4.8607 1.312839 3.136085 0.56 
18 4.834572 1.313125 3.156281 0.56 
19 4.811195 1.313419 3.187029 0.56 
20 4.740958 1.311363 3.230959 0.56 
21 4.670902 1.30936 3.289798 0.56 
22 4.621462 1.308112 3.363595 0.56 
23 4.576455 1.306797 3.450231 0.56 
24 4.528654 1.305194 3.544098 0.560127 
25 4.475706 1.303234 3.557099 0.568056 
26 4.4139 1.300745 3.617802 0.575 
27 4.351975 1.298153 3.57814 0.590139 
28 4.30816 1.296295 3.686123 0.595099 
29 4.260786 1.294071 3.741746 0.6 
157 
 
30 4.184805 1.290389 3.848336 0.6 
31 4.160814 1.28925 3.919727 0.600095 
32 4.126971 1.287302 3.948628 0.603071 
33 4.09656 1.285542 3.983132 0.606064 
34 4.063051 1.283579 4.000119 0.610016 
35 4.057 1.282947 4.040378 0.612 
36 4.049318 1.2821 4.060378 0.614519 
37 4.043652 1.281388 4.086736 0.61637 
38 4.037922 1.280689 4.10509 0.618222 
39 4.032161 1.280012 4.119202 0.620056 
40 4.024593 1.279268 4.136037 0.621296 
41 4.018944 1.278645 4.1494 0.622222 
42 4.013282 1.278027 4.157098 0.623148 
43 4.007548 1.277421 4.160998 0.624074 
44 4.0019 1.276834 4.1613 0.625 
45 3.9029 1.271648 4.15454 0.626259 
46 3.834381 1.268287 4.150799 0.627185 
47 3.782111 1.265413 4.143271 0.628111 
48 3.731078 1.262417 4.133914 0.629056 
49 3.676311 1.259147 4.119874 0.630296 
50 3.671033 1.258316 4.110348 0.631222 
51 3.665756 1.257235 4.099005 0.632148 
52 3.66047 1.256202 4.087779 0.633074 
53 3.6551 1.255209 4.076859 0.634 
54 3.647922 1.254162 4.06238 0.635259 
55 3.642644 1.253253 4.054187 0.636185 
56 3.637367 1.252364 4.044991 0.637111 
57 3.631983 1.2515 4.036018 0.638056 
58 3.624911 1.250578 4.023557 0.639296 
59 3.619611 1.249777 4.018839 0.64 
60 3.614255 1.248982 4.019513 0.64 
61 3.608978 1.248212 4.01542 0.64 
62 3.6037 1.247462 4.009172 0.64 
63 3.596522 1.246633 4.000354 0.64 
64 3.591244 1.245924 3.988988 0.64 
65 3.585956 1.245217 3.97534 0.64 
66 3.580483 1.244514 3.959882 0.64 
67 3.573411 1.243743 3.943225 0.64 
68 3.568133 1.243082 3.926022 0.64 
69 3.562011 1.242377 3.908876 0.64 
70 3.551448 1.241454 3.893188 0.639926 
158 
 
71 3.5408 1.240548 3.888626 0.639 
72 3.526444 1.239447 3.872608 0.638741 
73 3.51587 1.238548 3.866369 0.638 
74 3.505867 1.237651 3.85059 0.637889 
75 3.500167 1.236972 3.848004 0.637 
76 3.487711 1.235927 3.834842 0.636704 
77 3.481167 1.23522 3.829813 0.636 
78 3.471441 1.23432 3.816138 0.635852 
79 3.466078 1.233663 3.814003 0.635 
80 3.4608 1.232994 3.798142 0.635 
81 3.4551 1.232313 3.789572 0.634741 
82 3.454045 1.231883 3.786003 0.634 
83 3.448767 1.231225 3.7712 0.634 
84 3.443383 1.230596 3.759852 0.634 
85 3.436311 1.229886 3.752363 0.633704 
86 3.4323 1.229347 3.748867 0.633 
87 3.431441 1.228963 3.734769 0.633 
88 3.426078 1.228342 3.723755 0.633 
89 3.4208 1.227759 3.712749 0.633 
90 3.4151 1.227157 3.705149 0.632741 
91 3.414045 1.226803 3.702512 0.632 
92 3.408767 1.226214 3.688383 0.632 
93 3.4037 1.225667 3.677445 0.632 
94 3.402011 1.225298 3.67027 0.631704 
95 3.396733 1.224733 3.6671 0.631 
96 3.391441 1.224191 3.653395 0.631 
97 3.3865 1.22367 3.643807 0.630926 
98 3.3865 1.223407 3.644794 0.63 
99 3.377844 1.222677 3.637118 0.629482 
100 3.368345 1.221948 3.647912 0.62763 
101 3.362433 1.221402 3.652348 0.625778 
102 3.351978 1.220595 3.656518 0.623889 
103 3.343122 1.219888 3.667036 0.621407 
104 3.3351 1.219207 3.663516 0.619778 
105 3.3351 1.218938 3.652461 0.619 
106 3.3351 1.218636 3.636138 0.618926 
107 3.3351 1.218353 3.633699 0.618 
108 3.3351 1.218085 3.628877 0.617 
109 3.3351 1.217832 3.614075 0.616815 
110 3.3351 1.217594 3.612219 0.615889 
111 3.3351 1.217367 3.606828 0.615 
159 
 
112 3.3351 1.217153 3.59455 0.614704 
113 3.3351 1.21695 3.592753 0.613778 
114 3.3351 1.216758 3.586472 0.613 
115 3.3351 1.216575 3.572362 0.612926 
116 3.3351 1.216401 3.571898 0.612 
117 3.3351 1.216236 3.568658 0.611 
118 3.3351 1.216079 3.555148 0.610815 
119 3.3342 1.215882 3.554214 0.609889 
120 3.326872 1.215357 3.549511 0.609 
121 3.3223 1.215005 3.537775 0.608704 
122 3.3148 1.214476 3.53634 0.607778 
123 3.308145 1.213997 3.530417 0.607 
124 3.305507 1.213716 3.5168 0.606926 
125 3.2981 1.213159 3.516917 0.606 
126 3.289404 1.212555 3.514518 0.605 
127 3.2862 1.212236 3.502228 0.604815 
128 3.278711 1.211657 3.502767 0.603889 
129 3.271467 1.21111 3.499864 0.603 
130 3.26683 1.210691 3.490247 0.602704 
131 3.259422 1.210108 3.491063 0.601778 
132 3.252859 1.20958 3.487506 0.601 
133 3.250308 1.209255 3.476324 0.600926 
134 3.2429 1.208652 3.478695 0.6 
135 3.234304 1.208011 3.478353 0.599 
136 3.231118 1.207653 3.467947 0.598815 
137 3.223711 1.207042 3.469987 0.597889 
138 3.216472 1.206461 3.468227 0.597 
139 3.21193 1.206015 3.459447 0.596704 
140 3.204545 1.205404 3.460651 0.595778 
141 3.198059 1.204852 3.457113 0.595 
142 3.195508 1.2045 3.445681 0.594926 
143 3.1881 1.203873 3.447397 0.594 
144 3.179604 1.203212 3.44611 0.593 
145 3.176437 1.202834 3.434649 0.592815 
146 3.169122 1.202207 3.435418 0.591889 
147 3.161972 1.201609 3.432315 0.591 
148 3.157459 1.201147 3.422252 0.590704 
149 3.1519 1.200615 3.419525 0.59 
150 3.15107 1.200342 3.408387 0.589852 
151 3.1463 1.199842 3.408175 0.589 
152 3.1463 1.199624 3.394794 0.589 
160 
 
153 3.144848 1.199311 3.388389 0.588741 
154 3.1407 1.198874 3.386667 0.588 
155 3.1407 1.198677 3.374204 0.588 
156 3.140389 1.198449 3.365752 0.587944 
157 3.1351 1.197968 3.367723 0.587 
158 3.1351 1.197799 3.354714 0.587 
159 3.13427 1.197562 3.347645 0.586852 
160 3.1295 1.197127 3.348295 0.586 
161 3.1295 1.196971 3.335865 0.586 
162 3.128074 1.196718 3.330252 0.585741 
163 3.124 1.196337 3.329236 0.585 
164 3.124 1.19619 3.31743 0.585 
165 3.123689 1.196009 3.309554 0.584944 
166 3.1184 1.195572 3.312079 0.584 
167 3.1184 1.195444 3.29969 0.584 
168 3.11757 1.195245 3.293241 0.583852 
169 3.1128 1.194847 3.294596 0.583 
170 3.1128 1.194725 3.283018 0.583 
171 3.111348 1.194501 3.278348 0.582741 
172 3.1072 1.194147 3.278419 0.582 
173 3.1072 1.194028 3.267868 0.582 
174 3.106889 1.193874 3.261339 0.581945 
175 3.1016 1.19346 3.265299 0.581 
176 3.1016 1.193356 3.254448 0.581 
177 3.10077 1.19318 3.249525 0.580852 
178 3.096 1.192802 3.252379 0.58 
179 3.096 1.1927 3.242286 0.58 
180 3.096 1.192573 3.235941 0.58 
181 3.096 1.192454 3.229747 0.58 
182 3.096 1.192341 3.225199 0.579889 
183 3.096 1.192235 3.22963 0.579 
184 3.096 1.192134 3.220285 0.579 
185 3.096 1.192037 3.21474 0.579 
186 3.096 1.191946 3.211012 0.578852 
187 3.096 1.19186 3.21518 0.578 
188 3.096 1.191777 3.206321 0.578 
189 3.096 1.191699 3.201078 0.578 
190 3.096 1.191624 3.1959 0.578 
191 3.096 1.191553 3.190984 0.578 
192 3.096 1.191485 3.186968 0.577945 
193 3.096 1.19142 3.193397 0.577 
161 
 
194 3.096 1.191359 3.18487 0.577 
195 3.096 1.1913 3.180285 0.577 
196 3.096 1.191244 3.175716 0.577 
197 3.096 1.19119 3.171396 0.577 
198 3.096 1.191139 3.179104 0.576 
199 3.096 1.19109 3.170781 0.576 
200 3.096 1.191043 3.166664 0.576 
201 3.096 1.190998 3.162596 0.576 
202 3.096 1.190955 3.158819 0.576 
203 3.096 1.190914 3.157937 0.575778 
204 3.096 1.190875 3.16285 0.575 
205 3.096 1.190837 3.156239 0.575 
206 3.096 1.190802 3.152881 0.575 
207 3.096 1.190767 3.149592 0.575 
208 3.096 1.190734 3.146551 0.575 
209 3.096 1.190702 3.143738 0.575 
210 3.096 1.190672 3.141126 0.575 
211 3.096 1.190643 3.138696 0.575 
212 3.096 1.190615 3.139043 0.574778 
213 3.096 1.190589 3.14508 0.574 
214 3.096 1.190563 3.139505 0.574 
215 3.096 1.190539 3.137087 0.574 
216 3.096 1.190515 3.134665 0.574 
217 3.096 1.190492 3.132425 0.574 
218 3.096 1.190471 3.131661 0.573889 
219 3.096 1.19045 3.139688 0.573 
220 3.096 1.19043 3.133873 0.573 
221 3.096 1.190411 3.131673 0.573 
222 3.096 1.190392 3.129441 0.573 
223 3.096 1.190374 3.127388 0.573 
224 3.096 1.190358 3.125503 0.573 
225 3.096 1.190341 3.135496 0.572 
226 3.096 1.190325 3.129416 0.572 
227 3.096 1.19031 3.12741 0.572 
228 3.096 1.190296 3.12534 0.572 
229 3.096 1.190282 3.123444 0.572 
230 3.096 1.190269 3.124316 0.571778 
231 3.096 1.190256 3.130838 0.571 
232 3.096 1.190244 3.125782 0.571 
233 3.096 1.190232 3.12388 0.571 
234 3.096 1.19022 3.121965 0.571 
162 
 
235 3.096 1.190209 3.12022 0.571 
236 3.096 1.190199 3.119932 0.570889 
237 3.096 1.190189 3.128369 0.57 
238 3.096 1.190179 3.122998 0.57 
239 3.096 1.19017 3.121242 0.57 
 
163 
 
APPENDIX F: 
FEQ OUTPUT FOR TRESKE OVERBANK FLUME 
 
X=1 DT=180 
FEQ Upstream Downstream 
t (m) Q (cfs) Y (ft)  Elev (ft) Q (cfs) Y (ft)  Elev (ft) 
0 3.37 0.716 1.018 3.39 0.705 0.876 
3 3.36 0.714 1.016 3.37 0.705 0.876 
6 3.69 0.73 1.032 3.27 0.721 0.892 
9 4.03 0.767 1.069 3.61 0.738 0.909 
12 4.40 0.794 1.096 3.79 0.779 0.95 
15 4.77 0.839 1.141 4.05 0.82 0.991 
18 5.14 0.884 1.186 4.43 0.866 1.037 
21 5.51 0.93 1.232 4.78 0.912 1.083 
24 5.88 0.976 1.278 5.18 0.956 1.127 
27 6.25 1.02 1.322 5.57 1 1.171 
30 6.62 1.064 1.366 5.97 1.041 1.212 
33 6.99 1.105 1.407 6.35 1.082 1.253 
36 7.38 1.147 1.449 6.73 1.123 1.294 
39 7.77 1.188 1.49 7.13 1.163 1.334 
42 8.14 1.221 1.523 7.37 1.203 1.374 
45 8.51 1.224 1.526 7.04 1.243 1.414 
48 8.86 1.247 1.549 7.00 1.268 1.439 
51 9.22 1.273 1.575 7.39 1.292 1.463 
54 9.59 1.305 1.607 8.19 1.304 1.475 
57 9.96 1.326 1.628 8.94 1.315 1.486 
60 10.35 1.338 1.64 9.19 1.333 1.504 
63 10.74 1.355 1.657 9.41 1.351 1.522 
66 11.11 1.371 1.673 9.62 1.374 1.545 
69 11.48 1.392 1.694 9.87 1.397 1.568 
72 11.85 1.412 1.714 10.29 1.42 1.591 
75 12.22 1.432 1.734 10.71 1.443 1.614 
78 12.61 1.45 1.752 11.02 1.468 1.639 
81 13.00 1.47 1.772 11.36 1.492 1.663 
84 13.37 1.492 1.794 11.87 1.514 1.685 
87 13.74 1.511 1.813 12.34 1.535 1.706 
90 14.13 1.529 1.831 12.68 1.556 1.727 
93 14.51 1.547 1.849 13.06 1.578 1.749 
164 
 
96 14.36 1.562 1.864 13.76 1.589 1.76 
99 14.20 1.565 1.867 13.74 1.601 1.772 
102 13.84 1.569 1.871 13.96 1.599 1.77 
105 13.49 1.563 1.865 13.89 1.597 1.768 
108 13.12 1.557 1.859 13.70 1.589 1.76 
111 12.75 1.547 1.849 13.46 1.581 1.752 
114 12.38 1.538 1.84 13.34 1.566 1.737 
117 12.01 1.523 1.825 13.13 1.551 1.722 
120 11.62 1.507 1.809 12.70 1.537 1.708 
123 11.23 1.493 1.795 12.29 1.522 1.693 
126 10.86 1.479 1.781 12.05 1.504 1.675 
129 10.49 1.463 1.765 11.77 1.486 1.657 
132 10.12 1.445 1.747 11.38 1.468 1.639 
135 9.75 1.429 1.731 11.00 1.45 1.621 
138 9.38 1.413 1.715 10.69 1.43 1.601 
141 9.01 1.395 1.697 10.36 1.41 1.581 
144 8.62 1.377 1.679 10.01 1.391 1.562 
147 8.23 1.357 1.659 9.66 1.371 1.542 
150 7.86 1.338 1.64 9.34 1.35 1.521 
153 7.49 1.318 1.62 9.02 1.328 1.499 
156 7.15 1.296 1.598 8.60 1.309 1.48 
159 6.82 1.276 1.578 8.22 1.289 1.46 
162 6.41 1.276 1.578 8.76 1.235 1.406 
165 6.00 1.231 1.533 8.73 1.181 1.352 
168 5.62 1.107 1.409 6.98 1.117 1.288 
171 5.23 1.048 1.35 5.92 1.053 1.224 
174 4.84 1.001 1.303 5.72 0.997 1.168 
177 4.45 0.944 1.246 5.34 0.941 1.112 
180 4.06 0.889 1.191 4.88 0.889 1.06 
183 3.67 0.837 1.139 4.49 0.836 1.007 
186 3.58 0.798 1.1 4.03 0.8 0.971 
189 3.50 0.778 1.08 3.93 0.764 0.935 
192 3.48 0.752 1.054 3.70 0.751 0.922 
195 3.46 0.746 1.048 3.57 0.738 0.909 
198 3.46 0.74 1.042 3.57 0.73 0.901 
201 3.46 0.735 1.037 3.56 0.721 0.892 
204 3.46 0.729 1.031 3.49 0.72 0.891 
207 3.46 0.729 1.031 3.47 0.718 0.889 
210 3.46 0.729 1.031 3.50 0.715 0.886 
213 3.46 0.727 1.029 3.51 0.711 0.882 
216 3.46 0.727 1.029 3.51 0.711 0.882 
165 
 
 
 
 
 
X=1 DT=360 
FEQ Upstream Downstream 
t (m) Q (cfs) Y (ft)  Elev (ft) Q (cfs) Y (ft)  Elev (ft) 
0 3.36 0.714 1.016 3.37 0.705 0.876 
6 4.03 0.759 1.061 3.51 0.738 0.909 
12 4.77 0.837 1.139 4.07 0.82 0.991 
18 5.51 0.93 1.232 4.77 0.912 1.083 
24 6.25 1.02 1.322 5.57 1 1.171 
30 6.99 1.105 1.407 6.35 1.082 1.253 
36 7.77 1.188 1.49 7.12 1.163 1.334 
42 8.51 1.231 1.533 7.14 1.243 1.414 
48 9.22 1.273 1.575 7.40 1.292 1.463 
54 9.96 1.327 1.629 8.85 1.315 1.486 
60 10.74 1.355 1.657 9.53 1.351 1.522 
66 11.48 1.391 1.693 9.83 1.397 1.568 
72 12.22 1.432 1.734 10.68 1.443 1.614 
78 13.00 1.47 1.772 11.39 1.492 1.663 
84 13.74 1.511 1.813 12.30 1.535 1.706 
90 14.51 1.547 1.849 13.09 1.578 1.749 
96 14.20 1.568 1.87 13.83 1.601 1.772 
102 13.49 1.565 1.867 13.92 1.597 1.768 
108 12.75 1.548 1.85 13.48 1.581 1.752 
114 12.01 1.524 1.826 13.11 1.551 1.722 
120 11.23 1.492 1.794 12.34 1.522 1.693 
126 10.49 1.463 1.765 11.71 1.486 1.657 
132 9.75 1.429 1.731 11.04 1.45 1.621 
138 9.01 1.395 1.697 10.33 1.41 1.581 
144 8.23 1.357 1.659 9.67 1.371 1.542 
150 7.49 1.318 1.62 9.00 1.328 1.499 
156 6.82 1.276 1.578 8.24 1.289 1.46 
162 6.00 1.239 1.541 8.61 1.181 1.352 
168 5.23 1.033 1.335 6.22 1.053 1.224 
174 4.45 0.948 1.25 5.08 0.941 1.112 
180 3.67 0.839 1.141 4.65 0.836 1.007 
166 
 
186 3.50 0.768 1.07 3.77 0.764 0.935 
192 3.46 0.745 1.047 3.60 0.738 0.909 
198 3.46 0.735 1.037 3.54 0.721 0.892 
204 3.46 0.728 1.03 3.47 0.718 0.889 
210 3.46 0.728 1.03 3.50 0.711 0.882 
216 3.46 0.728 1.03 3.50 0.711 0.882 
 
X=4 DT=180 
FEQ Upstream Downstream 
t (m) Q (cfs) Y (ft)  Elev (ft) Q (cfs) Y (ft)  Elev (ft) 
0 3.37 0.715 1.017 3.38 0.705 0.876 
3 3.36 0.714 1.016 3.37 0.705 0.876 
6 3.69 0.734 1.036 3.31 0.721 0.892 
9 4.03 0.763 1.065 3.60 0.738 0.909 
12 4.40 0.799 1.101 3.77 0.779 0.95 
15 4.77 0.84 1.142 4.08 0.82 0.991 
18 5.14 0.885 1.187 4.41 0.866 1.037 
21 5.51 0.931 1.233 4.78 0.912 1.083 
24 5.88 0.976 1.278 5.18 0.956 1.127 
27 6.25 1.021 1.323 5.56 1 1.171 
30 6.62 1.064 1.366 5.97 1.041 1.212 
33 6.99 1.105 1.407 6.35 1.082 1.253 
36 7.38 1.147 1.449 6.73 1.123 1.294 
39 7.77 1.189 1.491 7.13 1.163 1.334 
42 8.14 1.224 1.526 7.45 1.203 1.374 
45 8.51 1.239 1.541 7.08 1.243 1.414 
48 8.86 1.255 1.557 7.14 1.268 1.439 
51 9.22 1.275 1.577 7.43 1.292 1.463 
54 9.59 1.3 1.602 8.16 1.304 1.475 
57 9.96 1.323 1.625 8.79 1.315 1.486 
60 10.35 1.341 1.643 9.14 1.333 1.504 
63 10.74 1.358 1.66 9.46 1.351 1.522 
66 11.11 1.375 1.677 9.63 1.374 1.545 
69 11.48 1.394 1.696 9.90 1.397 1.568 
72 11.85 1.414 1.716 10.28 1.42 1.591 
75 12.22 1.434 1.736 10.69 1.443 1.614 
78 12.61 1.453 1.755 11.02 1.468 1.639 
81 13.00 1.473 1.775 11.38 1.492 1.663 
84 13.37 1.493 1.795 11.87 1.514 1.685 
87 13.74 1.512 1.814 12.30 1.535 1.706 
167 
 
90 14.13 1.531 1.833 12.69 1.556 1.727 
93 14.51 1.549 1.851 13.07 1.578 1.749 
96 14.36 1.561 1.863 13.68 1.589 1.76 
99 14.20 1.567 1.869 13.71 1.601 1.772 
102 13.84 1.568 1.87 13.98 1.599 1.77 
105 13.49 1.564 1.866 13.83 1.597 1.768 
108 13.12 1.557 1.859 13.73 1.589 1.76 
111 12.75 1.547 1.849 13.44 1.581 1.752 
114 12.38 1.536 1.838 13.35 1.566 1.737 
117 12.01 1.523 1.825 13.08 1.551 1.722 
120 11.62 1.508 1.81 12.72 1.537 1.708 
123 11.23 1.492 1.794 12.31 1.522 1.693 
126 10.86 1.477 1.779 12.04 1.504 1.675 
129 10.49 1.462 1.764 11.73 1.486 1.657 
132 10.12 1.445 1.747 11.38 1.468 1.639 
135 9.75 1.428 1.73 11.00 1.45 1.621 
138 9.38 1.411 1.713 10.68 1.43 1.601 
141 9.01 1.394 1.696 10.33 1.41 1.581 
144 8.62 1.375 1.677 9.99 1.391 1.562 
147 8.23 1.356 1.658 9.64 1.371 1.542 
150 7.86 1.336 1.638 9.33 1.35 1.521 
153 7.49 1.316 1.618 8.99 1.328 1.499 
156 7.15 1.295 1.597 8.60 1.309 1.48 
159 6.82 1.275 1.577 8.23 1.289 1.46 
162 6.41 1.254 1.556 8.68 1.235 1.406 
165 6.00 1.23 1.532 8.52 1.181 1.352 
168 5.62 1.144 1.446 7.32 1.117 1.288 
171 5.23 1.033 1.335 6.22 1.053 1.224 
174 4.84 0.995 1.297 5.47 0.997 1.168 
177 4.45 0.946 1.248 5.32 0.941 1.112 
180 4.06 0.888 1.19 4.95 0.889 1.06 
183 3.67 0.836 1.138 4.47 0.836 1.007 
186 3.58 0.799 1.101 4.06 0.8 0.971 
189 3.50 0.774 1.076 3.92 0.764 0.935 
192 3.48 0.756 1.058 3.69 0.751 0.922 
195 3.46 0.744 1.046 3.61 0.738 0.909 
198 3.46 0.739 1.041 3.55 0.73 0.901 
201 3.46 0.734 1.036 3.55 0.721 0.892 
204 3.46 0.73 1.032 3.50 0.72 0.891 
207 3.46 0.729 1.031 3.48 0.718 0.889 
210 3.46 0.728 1.03 3.49 0.715 0.886 
168 
 
213 3.46 0.727 1.029 3.50 0.711 0.882 
216 3.46 0.727 1.029 3.50 0.711 0.882 
 
 
 
 
X=13 DT=60 
FEQ Upstream Downstream 
t (m) Q (cfs) Y (ft)  Elev (ft) Q (cfs) Y (ft)  Elev (ft) 
0 3.38 0.716 1.018 3.39 0.705 0.876 
1 3.38 0.716 1.018 3.39 0.705 0.876 
2 3.37 0.715 1.017 3.38 0.705 0.876 
3 3.37 0.715 1.017 3.38 0.705 0.876 
4 3.36 0.715 1.017 3.37 0.705 0.876 
5 3.36 0.714 1.016 3.37 0.705 0.876 
6 3.47 0.719 1.021 3.30 0.71 0.881 
7 3.58 0.726 1.028 3.27 0.716 0.887 
8 3.69 0.734 1.036 3.31 0.721 0.892 
9 3.80 0.743 1.045 3.40 0.727 0.898 
10 3.91 0.754 1.056 3.51 0.732 0.903 
11 4.03 0.765 1.067 3.62 0.738 0.909 
12 4.15 0.776 1.078 3.64 0.751 0.922 
13 4.27 0.787 1.089 3.70 0.765 0.936 
14 4.40 0.798 1.1 3.77 0.779 0.95 
15 4.52 0.811 1.113 3.86 0.792 0.963 
16 4.64 0.826 1.128 3.96 0.806 0.977 
17 4.77 0.841 1.143 4.08 0.82 0.991 
18 4.89 0.856 1.158 4.19 0.835 1.006 
19 5.01 0.87 1.172 4.31 0.85 1.021 
20 5.14 0.885 1.187 4.42 0.866 1.037 
21 5.26 0.9 1.202 4.54 0.881 1.052 
22 5.39 0.916 1.218 4.66 0.896 1.067 
23 5.51 0.931 1.233 4.78 0.912 1.083 
24 5.63 0.946 1.248 4.91 0.926 1.097 
25 5.76 0.962 1.264 5.05 0.941 1.112 
26 5.88 0.977 1.279 5.18 0.956 1.127 
27 6.00 0.991 1.293 5.31 0.971 1.142 
28 6.13 1.006 1.308 5.43 0.986 1.157 
169 
 
29 6.25 1.021 1.323 5.56 1 1.171 
30 6.37 1.035 1.337 5.70 1.014 1.185 
31 6.50 1.05 1.352 5.84 1.028 1.199 
32 6.62 1.064 1.366 5.97 1.041 1.212 
33 6.75 1.078 1.38 6.10 1.055 1.226 
34 6.87 1.091 1.393 6.22 1.069 1.24 
35 6.99 1.105 1.407 6.34 1.082 1.253 
36 7.12 1.119 1.421 6.47 1.096 1.267 
37 7.25 1.133 1.435 6.60 1.109 1.28 
38 7.38 1.147 1.449 6.73 1.123 1.294 
39 7.51 1.161 1.463 6.86 1.136 1.307 
40 7.64 1.175 1.477 7.00 1.15 1.321 
41 7.77 1.189 1.491 7.13 1.163 1.334 
42 7.89 1.202 1.504 7.26 1.177 1.348 
43 8.02 1.216 1.518 7.39 1.19 1.361 
44 8.14 1.221 1.523 7.49 1.203 1.374 
45 8.26 1.227 1.529 7.47 1.216 1.387 
46 8.39 1.233 1.535 7.14 1.23 1.401 
47 8.51 1.238 1.54 6.91 1.243 1.414 
48 8.63 1.244 1.546 6.98 1.251 1.422 
49 8.75 1.249 1.551 7.08 1.259 1.43 
50 8.86 1.255 1.557 7.16 1.268 1.439 
51 8.98 1.26 1.562 7.23 1.276 1.447 
52 9.10 1.267 1.569 7.32 1.284 1.455 
53 9.22 1.274 1.576 7.41 1.292 1.463 
54 9.34 1.283 1.585 7.67 1.296 1.467 
55 9.46 1.292 1.594 7.92 1.3 1.471 
56 9.59 1.3 1.602 8.16 1.304 1.475 
57 9.71 1.308 1.61 8.40 1.308 1.479 
58 9.84 1.316 1.618 8.62 1.311 1.482 
59 9.96 1.323 1.625 8.82 1.315 1.486 
60 10.09 1.33 1.632 8.92 1.321 1.492 
61 10.22 1.336 1.638 9.04 1.327 1.498 
62 10.35 1.341 1.643 9.14 1.333 1.504 
63 10.48 1.346 1.648 9.25 1.339 1.51 
64 10.61 1.352 1.654 9.35 1.345 1.516 
65 10.74 1.357 1.659 9.45 1.351 1.522 
66 10.86 1.363 1.665 9.49 1.359 1.53 
67 10.98 1.369 1.671 9.55 1.367 1.538 
68 11.11 1.375 1.677 9.63 1.374 1.545 
69 11.23 1.381 1.683 9.71 1.382 1.553 
170 
 
70 11.35 1.388 1.69 9.81 1.39 1.561 
71 11.48 1.394 1.696 9.90 1.397 1.568 
72 11.60 1.401 1.703 10.02 1.405 1.576 
73 11.72 1.408 1.71 10.14 1.413 1.584 
74 11.85 1.415 1.717 10.28 1.42 1.591 
75 11.97 1.421 1.723 10.42 1.428 1.599 
76 12.10 1.428 1.73 10.56 1.436 1.607 
77 12.22 1.434 1.736 10.70 1.443 1.614 
78 12.35 1.441 1.743 10.80 1.451 1.622 
79 12.48 1.447 1.749 10.91 1.46 1.631 
80 12.61 1.453 1.755 11.02 1.468 1.639 
81 12.74 1.46 1.762 11.14 1.476 1.647 
82 12.87 1.466 1.768 11.25 1.484 1.655 
83 13.00 1.473 1.775 11.37 1.492 1.663 
84 13.12 1.48 1.782 11.55 1.5 1.671 
85 13.24 1.487 1.789 11.71 1.507 1.678 
86 13.37 1.493 1.795 11.87 1.514 1.685 
87 13.49 1.5 1.802 12.02 1.521 1.692 
88 13.61 1.506 1.808 12.17 1.528 1.699 
89 13.74 1.512 1.814 12.31 1.535 1.706 
90 13.87 1.519 1.821 12.44 1.542 1.713 
91 14.00 1.525 1.827 12.56 1.549 1.72 
92 14.13 1.531 1.833 12.68 1.556 1.727 
93 14.26 1.537 1.839 12.81 1.563 1.734 
94 14.38 1.543 1.845 12.94 1.571 1.742 
95 14.51 1.549 1.851 13.06 1.578 1.749 
96 14.46 1.554 1.856 13.36 1.582 1.753 
97 14.41 1.558 1.86 13.59 1.585 1.756 
98 14.36 1.561 1.863 13.71 1.589 1.76 
99 14.30 1.564 1.866 13.73 1.593 1.764 
100 14.25 1.566 1.868 13.71 1.597 1.768 
101 14.20 1.567 1.869 13.68 1.601 1.772 
102 14.08 1.567 1.869 13.85 1.6 1.771 
103 13.96 1.568 1.87 13.94 1.6 1.771 
104 13.84 1.568 1.87 13.97 1.599 1.77 
105 13.73 1.568 1.87 13.95 1.599 1.77 
106 13.61 1.566 1.868 13.90 1.598 1.769 
107 13.49 1.564 1.866 13.83 1.597 1.768 
108 13.37 1.561 1.863 13.83 1.595 1.766 
109 13.24 1.559 1.861 13.78 1.592 1.763 
110 13.12 1.557 1.859 13.71 1.589 1.76 
171 
 
111 13.00 1.554 1.856 13.63 1.586 1.757 
112 12.87 1.551 1.853 13.54 1.584 1.755 
113 12.75 1.547 1.849 13.44 1.581 1.752 
114 12.63 1.544 1.846 13.44 1.576 1.747 
115 12.50 1.54 1.842 13.40 1.571 1.742 
116 12.38 1.536 1.838 13.34 1.566 1.737 
117 12.25 1.532 1.834 13.27 1.561 1.732 
118 12.13 1.528 1.83 13.19 1.556 1.727 
119 12.01 1.523 1.825 13.09 1.551 1.722 
120 11.88 1.518 1.82 12.97 1.546 1.717 
121 11.75 1.513 1.815 12.84 1.542 1.713 
122 11.62 1.508 1.81 12.70 1.537 1.708 
123 11.49 1.502 1.804 12.56 1.532 1.703 
124 11.36 1.497 1.799 12.43 1.527 1.698 
125 11.23 1.492 1.794 12.30 1.522 1.693 
126 11.11 1.488 1.79 12.22 1.516 1.687 
127 10.98 1.483 1.785 12.14 1.51 1.681 
128 10.86 1.478 1.78 12.04 1.504 1.675 
129 10.74 1.473 1.775 11.95 1.498 1.669 
130 10.61 1.467 1.769 11.85 1.492 1.663 
131 10.49 1.462 1.764 11.74 1.486 1.657 
132 10.36 1.456 1.758 11.62 1.48 1.651 
133 10.24 1.45 1.752 11.50 1.474 1.645 
134 10.12 1.445 1.747 11.37 1.468 1.639 
135 9.99 1.439 1.741 11.25 1.462 1.633 
136 9.87 1.434 1.736 11.12 1.456 1.627 
137 9.75 1.428 1.73 11.00 1.45 1.621 
138 9.62 1.422 1.724 10.90 1.443 1.614 
139 9.50 1.417 1.719 10.79 1.437 1.608 
140 9.38 1.411 1.713 10.68 1.43 1.601 
141 9.25 1.405 1.707 10.57 1.424 1.595 
142 9.13 1.4 1.702 10.45 1.417 1.588 
143 9.01 1.394 1.696 10.34 1.41 1.581 
144 8.88 1.388 1.69 10.22 1.404 1.575 
145 8.75 1.382 1.684 10.09 1.397 1.568 
146 8.62 1.375 1.677 9.98 1.391 1.562 
147 8.49 1.369 1.671 9.87 1.384 1.555 
148 8.36 1.363 1.665 9.76 1.378 1.549 
149 8.23 1.356 1.658 9.65 1.371 1.542 
150 8.10 1.35 1.652 9.55 1.364 1.535 
151 7.98 1.343 1.645 9.44 1.357 1.528 
172 
 
152 7.86 1.336 1.638 9.33 1.35 1.521 
153 7.73 1.33 1.632 9.22 1.343 1.514 
154 7.61 1.323 1.625 9.11 1.335 1.506 
155 7.49 1.316 1.618 9.00 1.328 1.499 
156 7.38 1.309 1.611 8.86 1.322 1.493 
157 7.26 1.302 1.604 8.72 1.315 1.486 
158 7.15 1.295 1.597 8.60 1.309 1.48 
159 7.04 1.288 1.59 8.47 1.302 1.473 
160 6.93 1.282 1.584 8.35 1.296 1.467 
161 6.82 1.275 1.577 8.23 1.289 1.46 
162 6.68 1.268 1.57 8.48 1.271 1.442 
163 6.55 1.261 1.563 8.62 1.253 1.424 
164 6.41 1.254 1.556 8.67 1.235 1.406 
165 6.27 1.247 1.549 8.66 1.217 1.388 
166 6.14 1.239 1.541 8.60 1.199 1.37 
167 6.00 1.231 1.533 8.41 1.181 1.352 
168 5.87 1.221 1.523 8.24 1.159 1.33 
169 5.74 1.188 1.49 7.92 1.138 1.309 
170 5.62 1.117 1.419 7.41 1.117 1.288 
171 5.49 1.074 1.376 6.75 1.095 1.266 
172 5.36 1.064 1.366 6.17 1.074 1.245 
173 5.23 1.046 1.348 5.89 1.053 1.224 
174 5.10 1.028 1.33 5.85 1.034 1.205 
175 4.97 1.016 1.318 5.81 1.016 1.187 
176 4.84 0.999 1.301 5.67 0.997 1.168 
177 4.71 0.98 1.282 5.58 0.978 1.149 
178 4.58 0.962 1.264 5.47 0.96 1.131 
179 4.45 0.943 1.245 5.32 0.941 1.112 
180 4.32 0.925 1.227 5.17 0.924 1.095 
181 4.19 0.906 1.208 5.02 0.906 1.077 
182 4.06 0.888 1.19 4.89 0.889 1.06 
183 3.93 0.87 1.172 4.75 0.871 1.042 
184 3.80 0.853 1.155 4.62 0.854 1.025 
185 3.67 0.835 1.137 4.49 0.836 1.007 
186 3.64 0.822 1.124 4.30 0.824 0.995 
187 3.61 0.81 1.112 4.15 0.812 0.983 
188 3.58 0.799 1.101 4.06 0.8 0.971 
189 3.56 0.79 1.092 4.01 0.788 0.959 
190 3.53 0.782 1.084 3.98 0.776 0.947 
191 3.50 0.775 1.077 3.95 0.764 0.935 
192 3.49 0.768 1.07 3.83 0.76 0.931 
173 
 
193 3.48 0.761 1.063 3.75 0.755 0.926 
194 3.48 0.755 1.057 3.69 0.751 0.922 
195 3.47 0.75 1.052 3.65 0.747 0.918 
196 3.47 0.747 1.049 3.62 0.742 0.913 
197 3.46 0.745 1.047 3.61 0.738 0.909 
198 3.46 0.743 1.045 3.58 0.735 0.906 
199 3.46 0.741 1.043 3.57 0.732 0.903 
200 3.46 0.739 1.041 3.57 0.73 0.901 
201 3.46 0.737 1.039 3.56 0.727 0.898 
202 3.46 0.736 1.038 3.56 0.724 0.895 
203 3.46 0.734 1.036 3.55 0.721 0.892 
204 3.46 0.733 1.035 3.53 0.721 0.892 
205 3.46 0.731 1.033 3.51 0.72 0.891 
206 3.46 0.73 1.032 3.50 0.72 0.891 
207 3.46 0.729 1.031 3.49 0.719 0.89 
208 3.46 0.729 1.031 3.48 0.719 0.89 
209 3.46 0.729 1.031 3.48 0.718 0.889 
210 3.46 0.729 1.031 3.48 0.717 0.888 
211 3.46 0.728 1.03 3.49 0.716 0.887 
212 3.46 0.728 1.03 3.49 0.715 0.886 
213 3.46 0.728 1.03 3.50 0.714 0.885 
214 3.46 0.727 1.029 3.50 0.713 0.884 
215 3.46 0.726 1.028 3.50 0.711 0.882 
216 3.46 0.726 1.028 3.50 0.711 0.882 
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APPENDIX G: 
HEC-RAS OUTPUT FOR TRESKE OVERBANK FLUME 
 
X=1 DT=180 
RAS Upstream Downstream 
t (m) Q (cfs) WSE (ft) Q (cfs) 
WSE 
(ft) 
0 3.3725 1.017255 3.382756 0.876 
3 3.355 1.015984 3.364979 0.876 
6 3.6905 1.037726 3.391198 0.8924 
9 4.026 1.067294 3.66529 0.9088 
12 4.3965 1.099901 3.818914 0.9498 
15 4.767 1.142078 4.114314 0.9908 
18 5.138 1.186007 4.432723 1.03675 
21 5.509 1.231589 4.790753 1.0827 
24 5.88 1.277086 5.175369 1.127 
27 6.251 1.321471 5.555096 1.1713 
30 6.6215 1.364781 5.959928 1.2123 
33 6.992 1.406644 6.341775 1.2533 
36 7.3805 1.448592 6.733535 1.2938 
39 7.769 1.490168 7.124951 1.3343 
42 8.139999 1.519136 7.178724 1.37415 
45 8.511 1.548434 7.31728 1.414 
48 8.864 1.583531 7.832562 1.43865 
51 9.217 1.613331 8.277029 1.4633 
54 9.587999 1.635926 8.72596 1.47475 
57 9.959 1.652212 9.173503 1.4862 
60 10.3475 1.670104 9.390071 1.50425 
63 10.736 1.682747 9.628082 1.5223 
66 11.1065 1.696164 9.793823 1.54525 
69 11.477 1.71359 10.0196 1.5682 
72 11.848 1.733125 10.31265 1.5912 
75 12.219 1.753313 10.66008 1.6142 
78 12.6075 1.772344 11.03259 1.6388 
81 12.996 1.791898 11.40224 1.6634 
84 13.3665 1.811973 11.87304 1.6847 
87 13.737 1.830843 12.287 1.706 
90 14.1255 1.849719 12.67352 1.72735 
93 14.514 1.868227 13.07528 1.7487 
175 
 
96 14.355 1.877284 13.61297 1.7602 
99 14.196 1.882886 13.57868 1.7717 
102 13.843 1.883854 13.86762 1.77005 
105 13.49 1.880043 13.68714 1.7684 
108 13.1195 1.873942 13.63571 1.7602 
111 12.749 1.865118 13.36351 1.752 
114 12.378 1.855001 13.2774 1.7372 
117 12.007 1.842198 13.00336 1.7224 
120 11.6185 1.827719 12.67354 1.70765 
123 11.23 1.812788 12.30134 1.6929 
126 10.859 1.797987 12.04482 1.67485 
129 10.488 1.782166 11.71057 1.6568 
132 10.1175 1.766045 11.35095 1.63875 
135 9.747 1.749887 10.98177 1.6207 
138 9.376 1.733974 10.65967 1.60105 
141 9.005 1.715816 10.36974 1.5814 
144 8.6165 1.696736 10.01627 1.5617 
147 8.228 1.677347 9.638971 1.542 
150 7.8575 1.65884 9.296169 1.52065 
153 7.487 1.639786 8.945421 1.4993 
156 7.151499 1.620523 8.556105 1.47965 
159 6.816 1.585256 7.912457 1.46 
162 6.4095 1.550596 7.942645 1.40585 
165 6.003 1.497759 7.493016 1.3517 
168 5.615001 1.420286 6.724742 1.28775 
171 5.227 1.358464 6.213927 1.2238 
174 4.8385 1.300845 5.728489 1.168 
177 4.45 1.246452 5.314676 1.1122 
180 4.0615 1.192537 4.896534 1.0597 
183 3.673 1.139713 4.499474 1.0072 
186 3.5845 1.105213 4.138491 0.9711 
189 3.496 1.078846 3.986176 0.935 
192 3.4785 1.059932 3.729709 0.9219 
195 3.461 1.049153 3.648384 0.9088 
198 3.461 1.041951 3.581858 0.9006 
201 3.461 1.036975 3.564388 0.8924 
204 3.461 1.032981 3.505288 0.89075 
207 3.461 1.03131 3.487062 0.8891 
210 3.461 1.03012 3.496228 0.8858 
213 3.461 1.02856 3.499142 0.8825 
 
176 
 
 
 
 
X=1 DT=360 
RAS Upstream Downstream 
t (m) Q (cfs) WSE (ft) Q (cfs) 
WSE 
(ft) 
0 3.355 1.016014 3.364677 0.876 
6 4.026 1.068393 3.691801 0.9088 
12 4.767 1.14337 4.151106 0.9908 
18 5.509 1.231957 4.800861 1.0827 
24 6.251 1.321451 5.552255 1.1713 
30 6.992 1.406469 6.336709 1.2533 
36 7.769 1.490096 7.123089 1.3343 
42 8.511 1.557573 7.467167 1.414 
48 9.217 1.613824 8.30592 1.4633 
54 9.959 1.655243 9.142786 1.4862 
60 10.736 1.685171 9.646296 1.5223 
66 11.477 1.715679 10.09799 1.5682 
72 12.219 1.753948 10.69812 1.6142 
78 12.996 1.792053 11.42031 1.6634 
84 13.737 1.830479 12.27465 1.706 
90 14.514 1.867987 13.06642 1.7487 
96 14.196 1.882622 13.51676 1.7717 
102 13.49 1.878081 13.63152 1.7684 
108 12.749 1.863512 13.30794 1.752 
114 12.007 1.841536 12.93784 1.7224 
120 11.23 1.812649 12.28377 1.6929 
126 10.488 1.782099 11.69089 1.6568 
132 9.747 1.750021 10.97748 1.6207 
138 9.005 1.716024 10.32785 1.5814 
144 8.228 1.677532 9.63379 1.542 
150 7.487 1.63945 8.944956 1.4993 
156 6.816 1.579903 7.734384 1.46 
162 6.003 1.483564 7.078711 1.3517 
168 5.227 1.359171 6.216867 1.2238 
174 4.45 1.246853 5.328534 1.1122 
180 3.673 1.139876 4.504685 1.0072 
186 3.496 1.079408 4.016521 0.935 
177 
 
192 3.461 1.049879 3.67965 0.9088 
198 3.461 1.037628 3.573413 0.8924 
204 3.461 1.032115 3.495579 0.8891 
210 3.461 1.028529 3.500962 0.8825 
 
X=4 DT=180 
RAS Upstream Downstream 
t (m) Q (cfs) WSE (ft) Q (cfs) 
WSE 
(ft) 
0 3.3725 1.016493 3.381348 0.876 
3 3.355 1.015339 3.365299 0.876 
6 3.6905 1.038649 3.413826 0.8924 
9 4.026 1.066225 3.668437 0.9088 
12 4.3965 1.102082 3.826138 0.9498 
15 4.767 1.143043 4.121486 0.9908 
18 5.138 1.186971 4.433502 1.03675 
21 5.509 1.232128 4.790249 1.0827 
24 5.88 1.277269 5.17217 1.127 
27 6.251 1.32163 5.55201 1.1713 
30 6.6215 1.364668 5.955857 1.2123 
33 6.992 1.406672 6.3385 1.2533 
36 7.3805 1.448581 6.731622 1.2938 
39 7.769 1.490153 7.123237 1.3343 
42 8.139999 1.521996 7.211712 1.37415 
45 8.511 1.552152 7.37445 1.414 
48 8.864 1.583702 7.867625 1.43865 
51 9.217 1.613743 8.291253 1.4633 
54 9.587999 1.634473 8.734905 1.47475 
57 9.959 1.649665 9.115647 1.4862 
60 10.3475 1.665724 9.263492 1.50425 
63 10.736 1.68207 9.553198 1.5223 
66 11.1065 1.698813 9.774862 1.54525 
69 11.477 1.716742 10.0349 1.5682 
72 11.848 1.735891 10.3311 1.5912 
75 12.219 1.755765 10.66569 1.6142 
78 12.6075 1.775062 11.03288 1.6388 
81 12.996 1.79445 11.40917 1.6634 
84 13.3665 1.813541 11.87108 1.6847 
87 13.737 1.832336 12.27906 1.706 
90 14.1255 1.851222 12.66992 1.72735 
178 
 
93 14.514 1.869774 13.07346 1.7487 
96 14.355 1.87778 13.5586 1.7602 
99 14.196 1.884087 13.56681 1.7717 
102 13.843 1.883555 13.83027 1.77005 
105 13.49 1.880305 13.6609 1.7684 
108 13.1195 1.873633 13.61418 1.7602 
111 12.749 1.865134 13.34729 1.752 
114 12.378 1.854131 13.25825 1.7372 
117 12.007 1.841372 12.97312 1.7224 
120 11.6185 1.827177 12.65847 1.70765 
123 11.23 1.812391 12.29635 1.6929 
126 10.859 1.796909 12.03798 1.67485 
129 10.488 1.780906 11.69828 1.6568 
132 10.1175 1.764639 11.34172 1.63875 
135 9.747 1.748281 10.97444 1.6207 
138 9.376 1.731675 10.65057 1.60105 
141 9.005 1.713781 10.33512 1.5814 
144 8.6165 1.694622 10.00092 1.5617 
147 8.228 1.675092 9.633176 1.542 
150 7.8575 1.655661 9.290459 1.52065 
153 7.487 1.635987 8.934328 1.4993 
156 7.151499 1.616834 8.549778 1.47965 
159 6.816 1.58396 7.891677 1.46 
162 6.4095 1.543892 7.888044 1.40585 
165 6.003 1.487728 7.28807 1.3517 
168 5.615001 1.418546 6.683152 1.28775 
171 5.227 1.356306 6.210515 1.2238 
174 4.8385 1.29894 5.72912 1.168 
177 4.45 1.243891 5.313841 1.1122 
180 4.0615 1.190008 4.894787 1.0597 
183 3.673 1.136731 4.497704 1.0072 
186 3.5845 1.103721 4.151895 0.9711 
189 3.496 1.075596 3.98971 0.935 
192 3.4785 1.059525 3.737574 0.9219 
195 3.461 1.047973 3.655884 0.9088 
198 3.461 1.040886 3.585887 0.9006 
201 3.461 1.035463 3.5655 0.8924 
204 3.461 1.032349 3.507075 0.89075 
207 3.461 1.030522 3.489658 0.8891 
210 3.461 1.028912 3.496023 0.8858 
213 3.461 1.027285 3.49766 0.8825 
179 
 
X=13 DT=60 
RAS Upstream Downstream 
t (m) Q (cfs) WSE (ft) Q (cfs) WSE (ft) 
0 3.384167 1.017784 3.390186 0.876 
1 3.378333 1.01742 3.387665 0.876 
2 3.3725 1.017029 3.383276 0.876 
3 3.366667 1.016625 3.377778 0.876 
4 3.360833 1.016217 3.371829 0.876 
5 3.355 1.015811 3.365766 0.876 
6 3.466833 1.022063 3.306245 0.881467 
7 3.578667 1.029154 3.30647 0.886933 
8 3.6905 1.037431 3.353461 0.8924 
9 3.802333 1.04658 3.435725 0.897867 
10 3.914167 1.056246 3.536463 0.903333 
11 4.026 1.066139 3.645886 0.9088 
12 4.1495 1.077013 3.656798 0.922467 
13 4.273 1.088591 3.712838 0.936133 
14 4.3965 1.101073 3.788228 0.9498 
15 4.52 1.114397 3.879943 0.963467 
16 4.6435 1.12836 3.984197 0.977133 
17 4.767 1.142729 4.097594 0.9908 
18 4.890666 1.157382 4.194452 1.006117 
19 5.014333 1.172135 4.304005 1.021433 
20 5.138 1.187081 4.42194 1.03675 
21 5.261667 1.202161 4.542209 1.052067 
22 5.385333 1.217328 4.663869 1.067383 
23 5.509 1.232546 4.786582 1.0827 
24 5.632667 1.247752 4.918022 1.097467 
25 5.756333 1.262895 5.046819 1.112233 
26 5.88 1.277919 5.174467 1.127 
27 6.003666 1.292773 5.301875 1.141767 
28 6.127333 1.30753 5.430106 1.156533 
29 6.251 1.322222 5.55611 1.1713 
30 6.3745 1.336783 5.697608 1.184967 
31 6.498 1.351166 5.831896 1.198633 
32 6.6215 1.365365 5.962944 1.2123 
33 6.745 1.379418 6.091145 1.225967 
34 6.8685 1.393375 6.217185 1.239633 
35 6.992 1.407197 6.342058 1.2533 
36 7.1215 1.421209 6.471881 1.2668 
37 7.251 1.435156 6.602163 1.2803 
180 
 
38 7.3805 1.449062 6.733042 1.2938 
39 7.51 1.46293 6.863886 1.3073 
40 7.6395 1.476768 6.994366 1.3208 
41 7.769 1.490586 7.124484 1.3343 
42 7.892666 1.50413 7.256564 1.347583 
43 8.016334 1.514607 7.367858 1.360867 
44 8.139999 1.523177 7.404301 1.37415 
45 8.263666 1.531904 7.293038 1.387433 
46 8.387333 1.541122 7.296598 1.400717 
47 8.511 1.551045 7.334368 1.414 
48 8.628666 1.56144 7.523976 1.422217 
49 8.746333 1.57218 7.680631 1.430433 
50 8.864 1.582923 7.83753 1.43865 
51 8.981667 1.593433 7.990545 1.446867 
52 9.099334 1.603609 8.137948 1.455083 
53 9.217 1.61345 8.278673 1.4633 
54 9.340667 1.623012 8.532318 1.467117 
55 9.464334 1.629711 8.724517 1.470933 
56 9.587999 1.635372 8.869987 1.47475 
57 9.711666 1.64076 8.969516 1.478567 
58 9.835333 1.645918 9.046588 1.482383 
59 9.959 1.650908 9.116995 1.4862 
60 10.0885 1.655887 9.130112 1.492217 
61 10.218 1.660828 9.159822 1.498233 
62 10.3475 1.665797 9.256118 1.50425 
63 10.477 1.670836 9.343653 1.510267 
64 10.6065 1.675977 9.436783 1.516283 
65 10.736 1.68124 9.535503 1.5223 
66 10.8595 1.686551 9.575375 1.52995 
67 10.983 1.692012 9.647359 1.5376 
68 11.1065 1.697629 9.723486 1.54525 
69 11.23 1.703414 9.805699 1.5529 
70 11.3535 1.709377 9.893814 1.56055 
71 11.477 1.715517 9.987539 1.5682 
72 11.60067 1.721824 10.08574 1.575867 
73 11.72433 1.728283 10.18889 1.583533 
74 11.848 1.734872 10.29616 1.5912 
75 11.97167 1.74157 10.40693 1.598867 
76 12.09533 1.748375 10.52059 1.606533 
77 12.219 1.75506 10.63727 1.6142 
78 12.3485 1.761702 10.7587 1.6224 
181 
 
79 12.478 1.768255 10.89159 1.6306 
80 12.6075 1.774753 11.02427 1.6388 
81 12.737 1.781224 11.15476 1.647 
82 12.8665 1.787693 11.28246 1.6552 
83 12.996 1.794182 11.40787 1.6634 
84 13.1195 1.800608 11.58451 1.6705 
85 13.243 1.807029 11.73752 1.6776 
86 13.3665 1.813412 11.88442 1.6847 
87 13.49 1.819742 12.02531 1.6918 
88 13.6135 1.826013 12.16131 1.6989 
89 13.737 1.832232 12.29325 1.706 
90 13.8665 1.83849 12.42156 1.713117 
91 13.996 1.84473 12.54903 1.720233 
92 14.1255 1.850973 12.67637 1.72735 
93 14.255 1.857228 12.8037 1.734467 
94 14.3845 1.863493 12.94074 1.741583 
95 14.514 1.869547 13.08298 1.7487 
96 14.461 1.873184 13.38062 1.752533 
97 14.408 1.876491 13.55163 1.756367 
98 14.355 1.87925 13.64309 1.7602 
99 14.302 1.881524 13.67394 1.764033 
100 14.249 1.88342 13.66791 1.767867 
101 14.196 1.885057 13.63966 1.7717 
102 14.07833 1.885623 13.83086 1.77115 
103 13.96067 1.885787 13.89819 1.7706 
104 13.843 1.885421 13.91458 1.77005 
105 13.72533 1.884545 13.8884 1.7695 
106 13.60767 1.88324 13.8314 1.76895 
107 13.49 1.881613 13.75214 1.7684 
108 13.3665 1.879633 13.77548 1.765667 
109 13.243 1.87737 13.73707 1.762933 
110 13.1195 1.87482 13.67694 1.7602 
111 12.996 1.872008 13.59829 1.757467 
112 12.8725 1.868981 13.50531 1.754733 
113 12.749 1.865794 13.4015 1.752 
114 12.62533 1.862435 13.40762 1.747067 
115 12.50167 1.858866 13.35773 1.742133 
116 12.378 1.855066 13.29121 1.7372 
117 12.25433 1.850984 13.20942 1.732267 
118 12.13067 1.846655 13.11699 1.727333 
119 12.007 1.842123 13.02446 1.7224 
182 
 
120 11.8775 1.837358 12.92151 1.717483 
121 11.748 1.832476 12.80971 1.712567 
122 11.6185 1.827509 12.69064 1.70765 
123 11.489 1.822487 12.56667 1.702733 
124 11.3595 1.817434 12.43977 1.697817 
125 11.23 1.812364 12.31128 1.6929 
126 11.10633 1.807337 12.23767 1.686883 
127 10.98267 1.802255 12.14079 1.680867 
128 10.859 1.797097 12.03986 1.67485 
129 10.73533 1.791855 11.93421 1.668833 
130 10.61167 1.786531 11.82398 1.662817 
131 10.488 1.781142 11.70962 1.6568 
132 10.3645 1.775706 11.59185 1.650783 
133 10.241 1.770239 11.47144 1.644767 
134 10.1175 1.764755 11.34913 1.63875 
135 9.993999 1.759265 11.22553 1.632733 
136 9.8705 1.753775 11.10105 1.626717 
137 9.747 1.74829 10.97599 1.6207 
138 9.623333 1.742804 10.87451 1.61415 
139 9.499667 1.737312 10.7608 1.6076 
140 9.376 1.731741 10.65465 1.60105 
141 9.252335 1.725964 10.55879 1.5945 
142 9.128667 1.720019 10.46151 1.58795 
143 9.005 1.71393 10.35795 1.5814 
144 8.8755 1.707642 10.24912 1.574833 
145 8.746 1.701264 10.13436 1.568267 
146 8.6165 1.694811 10.01472 1.5617 
147 8.487 1.688305 9.891425 1.555133 
148 8.3575 1.681762 9.765699 1.548567 
149 8.228 1.675192 9.63844 1.542 
150 8.1045 1.668692 9.532824 1.534883 
151 7.981 1.662173 9.416443 1.527767 
152 7.8575 1.65564 9.299519 1.52065 
153 7.734 1.649088 9.181478 1.513533 
154 7.6105 1.642514 9.062153 1.506417 
155 7.487 1.635921 8.941433 1.4993 
156 7.375167 1.629499 8.798722 1.49275 
157 7.263332 1.623085 8.667977 1.4862 
158 7.151499 1.616693 8.512076 1.47965 
159 7.039666 1.606189 8.31819 1.4731 
160 6.927833 1.594234 8.089503 1.46655 
183 
 
161 6.816 1.582196 7.854646 1.46 
162 6.6805 1.569862 7.958205 1.44195 
163 6.545 1.557475 7.953649 1.4239 
164 6.4095 1.544512 7.925358 1.40585 
165 6.274 1.530732 7.870462 1.3878 
166 6.1385 1.516155 7.792863 1.36975 
167 6.003 1.500928 7.671069 1.3517 
168 5.873667 1.474376 7.349553 1.330383 
169 5.744334 1.443965 7.03359 1.309067 
170 5.615001 1.417586 6.747599 1.28775 
171 5.485668 1.394801 6.510839 1.266433 
172 5.356333 1.374279 6.321587 1.245117 
173 5.227 1.354756 6.168553 1.2238 
174 5.0975 1.335715 5.99425 1.2052 
175 4.968 1.317005 5.84507 1.1866 
176 4.8385 1.298577 5.704404 1.168 
177 4.709 1.280347 5.568849 1.1494 
178 4.5795 1.262233 5.436274 1.1308 
179 4.45 1.244177 5.305325 1.1122 
180 4.3205 1.226068 5.162128 1.0947 
181 4.191 1.208066 5.025274 1.0772 
182 4.0615 1.190184 4.890326 1.0597 
183 3.932 1.1724 4.75715 1.0422 
184 3.8025 1.154678 4.625455 1.0247 
185 3.673 1.136985 4.494847 1.0072 
186 3.6435 1.124599 4.306439 0.995167 
187 3.614 1.113103 4.183148 0.983133 
188 3.5845 1.102744 4.100968 0.9711 
189 3.555 1.093218 4.045397 0.959067 
190 3.5255 1.084208 4.003778 0.947033 
191 3.496 1.075479 3.968743 0.935 
192 3.490167 1.0685 3.84076 0.930633 
193 3.484333 1.062438 3.762306 0.926267 
194 3.4785 1.057443 3.706436 0.9219 
195 3.472667 1.053355 3.668669 0.917533 
196 3.466833 1.049918 3.643802 0.913167 
197 3.461 1.046883 3.627643 0.9088 
198 3.461 1.044446 3.59688 0.906067 
199 3.461 1.042281 3.579446 0.903333 
200 3.461 1.040368 3.56843 0.9006 
201 3.461 1.038651 3.561903 0.897867 
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202 3.461 1.037066 3.558215 0.895133 
203 3.461 1.035562 3.556252 0.8924 
204 3.461 1.03419 3.527992 0.89185 
205 3.461 1.03303 3.511419 0.8913 
206 3.461 1.032118 3.499146 0.89075 
207 3.461 1.031435 3.490626 0.8902 
208 3.461 1.030927 3.485125 0.88965 
209 3.461 1.030535 3.481917 0.8891 
210 3.461 1.030187 3.48716 0.888 
211 3.461 1.029826 3.490618 0.8869 
212 3.461 1.029416 3.493571 0.8858 
213 3.461 1.028952 3.495816 0.8847 
214 3.461 1.028441 3.497396 0.8836 
215 3.461 1.027897 3.498389 0.8825 
 
185 
 
APPENDIX H: 
FEQ OUTPUT FOR THE SACRAMENTO RIVER MODEL 
 
X=2 DT=900 
FEQ Upstream 
t (m) Q (cfs) 
0 6828.24 
15 6361.97 
30 5517.56 
45 6028.66 
60 6099.41 
75 6276.85 
90 5840.51 
105 5791.09 
120 6029.16 
135 6564.11 
150 7094.03 
165 7232.07 
180 7506.24 
195 7561.07 
210 7826.33 
225 7936.93 
240 8129.75 
255 7994.07 
270 8259.08 
285 8307.6 
300 8432.33 
315 8538.36 
330 8565.33 
345 8692.03 
360 8661.54 
375 8658.91 
390 8593.72 
405 8807.38 
420 8740.42 
435 8663.27 
450 8716.26 
465 8716.26 
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X=10 DT=900 
FEQ Upstream 
t (m) Q (cfs) 
0 6303.97 
15 6479.35 
30 5874.54 
45 5843.98 
60 5933.27 
75 5961.7 
90 5965.68 
105 6005.76 
120 5983.44 
135 6288.57 
150 6843.57 
165 7135.63 
180 7408.48 
195 7515.63 
210 7716.7 
225 7769.91 
240 7876.65 
255 7910.99 
270 8082.47 
285 8220.34 
300 8231.63 
315 8390.74 
330 8424.03 
345 8469.11 
360 8498.24 
375 8492.42 
390 8458.88 
405 8526.47 
420 8540.42 
435 8462.65 
450 8382.22 
465 8382.22 
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APPENDIX I: 
HEC-RAS OUTPUT FOR THE SACRAMENTO RIVER MODEL 
 
X=2 DT=900 
RAS Upstream 
t (m) Q (cfs) 
0 4889.018 
15 5250.311 
30 5751.79 
45 5819.734 
60 5960.872 
75 5830.456 
90 5817.643 
105 5867.213 
120 6045.9 
135 6250.325 
150 6533.839 
165 6939.445 
180 7154.93 
195 7410.258 
210 7522.996 
225 7741.802 
240 7848.482 
255 7962.426 
270 7965.966 
285 8122.9 
300 8258.264 
315 8287.701 
330 8445.941 
345 8486.044 
360 8529.292 
375 8540.826 
390 8532.442 
405 8512.124 
420 8584.838 
435 8562.829 
450 8471.573 
465 8397.773 
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X=10 DT=900 
RAS Upstream 
t (m) Q (cfs) 
0 5309.557 
15 5536.6 
30 5812.431 
45 5866.881 
60 6103.703 
75 6039.51 
90 6025.37 
105 6048.649 
120 6190.734 
135 6345.444 
150 6593.552 
165 6979.271 
180 7189.681 
195 7427.075 
210 7541.183 
225 7770.699 
240 7872.07 
255 7983.311 
270 7991.114 
285 8134.004 
300 8276.479 
315 8306.199 
330 8464.321 
345 8499.328 
360 8528.314 
375 8540.925 
390 8535.905 
405 8507.923 
420 8553.744 
435 8532.196 
450 8423.962 
465 8310.728 
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APPENDIX J: 
PYTHON CODE FOR POST-PROCESSING FEQ OUTPUT 
 
#Code for Post-Processing FEQ output 
#written by David S. Ancalle 
# 
#instructions: 
#Add output file directory to "path.txt" 
#Add # of nodes to number_of_nodes variable (line 18) 
#Run command: 
#feqout_3.py output_file_name 
import sys 
import xlwt 
 
p = open('path.txt') 
path = p.read() + sys.argv[1] 
 
flag = False 
count = 0 
 
number_of_nodes = 6 
time_steps = 32 
t = 0 
Q = [[0 for x in range(number_of_nodes)] for y in range(time_steps)] 
Y = [[0 for x in range(number_of_nodes)] for y in range(time_steps)] 
E = [[0 for x in range(number_of_nodes)] for y in range(time_steps)] 
 
with open(path) as infile: 
    for line in infile: 
        if flag == True: 
            count += 1 
            if count > number_of_nodes + 1: 
                count = 0 
                t += 1 
                flag = False 
            elif count > 1: 
                q = line[24:34] 
                y = line[34:42] 
                e = line[42:50] 
 
                q = q.replace(" ","") 
                y = y.replace(" ","") 
                e = e.replace(" ","") 
                 
                Q[t][count-2] = q 
                Y[t][count-2] = y 
                E[t][count-2] = e 
        if " EXTERIOR NODES" in line: 
            flag = True 
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results = xlwt.Workbook() 
sh = results.add_sheet("Results") 
node = 0 
for i in range(number_of_nodes): 
    sh.write(0,node,"Node %s" % i) 
    sh.write(1,node,"Q") 
    sh.write(1,node+1,"Y") 
    sh.write(1,node+2,"Elev") 
    for j in range(t): 
        sh.write(j+2,node,Q[j][i]) 
        sh.write(j+2,node+1,Y[j][i]) 
        sh.write(j+2,node+2,E[j][i]) 
    node += 3 
results.save("%s.xls" % sys.argv[1]) 
 
print (Q, Y, E) 
 
print "SUCCESFULLY EXPORTED RESULTS" 
 
         
#FEQ table file to Excel file 
 
import sys 
import xlwt 
 
p = open('path.txt') 
path = p.read() + sys.argv[1] 
 
depth = [] 
top_width = [] 
area = [] 
sqrt_conv = [] 
beta = [] 
t = 0 
 
with open(path) as infile: 
    for line in infile: 
        depth.append(line[:10]) 
        top_width.append(line[10:20]) 
        area.append(line[20:33]) 
        sqrt_conv.append(line[33:46]) 
        beta.append(line[46:])                     
        t += 1 
        if t == 46: 
            break 
 
results = xlwt.Workbook() 
sh = results.add_sheet("Time Series") 
for i in range(t): 
    sh.write(i,0,depth[i]) 
    sh.write(i,1,top_width[i]) 
    sh.write(i,2,area[i]) 
    sh.write(i,3,sqrt_conv[i]) 
    sh.write(i,4,beta[i]) 
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results.save("%s.xls" % sys.argv[1]) 
 
print "SUCCESS" 
 
#FEQ time series file to Excel file 
 
import sys 
import xlwt 
 
p = open('path.txt') 
path = p.read() + sys.argv[1] 
 
Q = [] 
t = 0 
 
with open(path) as infile: 
    for line in infile: 
        Q.append(line[24:30]) 
        t += 1 
        if t == 37: 
            break 
 
results = xlwt.Workbook() 
sh = results.add_sheet("Time Series") 
for i in range(t): 
    sh.write(i,0,Q[i]) 
results.save("%s.xls" % sys.argv[1]) 
 
print "SUCCESS" 
